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- ABSTRACT

* !The objective of this one-year program was to develop and demonstrate
emission abatement technology sufficient to obtain a 50% overall
reduction in gas turbine engine mass emissions (CO, CxHy, NOx and
smoke) with no increase in any individual pollutant when tested over
a typical Army light observation helicopter (LOH) duty cycle. The
selected baseline was the Army T69-A-SA gas turbine engine combustor.

The program was conducted in three tasks:

° Task 1 - Problem Definition

° Task 2 - Concept Analysis and Selection

o Task 3 -Test

In Task 1, an LOH duty cycle was selected, the corresponding combus-

tor operating conditions were defined, and an assessment was made of
the emission problem for the selected LOH duty cycle. The selected
duty cycle consisted of five operating points from Idle (15% time)
through maximum power (5% time). The results of Task 1 showed that
the major pollutant from the T63-A-SA nonregenerative engine for
the LOH duty cycle was carbon monoxide. It constituted 78% of the
total pollution. For the regenerative T63 engine, both No- and CO -

were major pollutants, and their individual, respective
contributions were 42% and 47%. ~I

Task 2 was to analyze and select low-emission concepts. Three
approachesused in this study task were emission reaction kinetic

model predictions, empirical emission correlation prediction, and.
survey.of previously.published literature On experimental emissions
performance of potential low-emission combustors.:

In Task 3 combustor experiments were conducted in a combustor test
-rig which simulated:the T63-A-SA engine combustor flow path. Six
hundred seventy-three emission data points were obtained during the
246:040 hours of burning time. Task 3 was conducted in three phases:

Baseline combustor experiments.

Preliminary low-emission combustor experiments. j
S'Final low-emission combustor experiments..

The baseline combustor experiments were conducted with the conven- I
tional T6.3-A-SA combustor.to establish the baseiane-emisson index

* and to establish correlation between coabustor rig and. available
engine emission data. Agreement between engine and rig total.
emission index was established within two percent.-

'4W
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Seventeen potential low-emission combustors, each incorporating one
or more of the selected concepts, were tested to determine their
emission performance. Experimental results indicated that several
designs had the potential for meeting the program objectives.

Two combustors selected for final experimental evaluation were the
"Prechamber" and "Modifiad Conventional." The low-emission feature
in the "Prechamber" combustor was premix/prevaporization. The
"Modified Conventional" combustor incorporated four low-emission .9
features: airblast fuel atomization, delayed dilution, convection
cooling, and variable geometry. Both of these combustors met the
emission reduction objectives. Experimental results indicated that
both of these liners can be developed to meet all other conventional '
T63 combustor requirements, i.e., light-off, temperature profile,
durability, etc. The estimated development time for the "Prechamber"
is longer than for the "Modified Conventional." However, the
"Prechamber" combustor has better emission reduction potential when
both combustors are designed as either fixed or variable geometry
combustors.
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Measurements made on various gas turbine engines clearly show that
the major air pollutants emitted from these engines are carbon
monoxide (CO) and unburned hydrocarbons (CxHy) at low power settingsand oxides of nitrogen (NOx) and particulates at high power. The

causes of these pollutants nre known, being combustion inefficiency
plus quenching effects in the case of CO and CxHy and high average
and local flame temperatures in the case of N0x. The cause of par-
ticulate (smoke) emission is fuel-rich, droplet combustion
(carbon formation pzoblem) and quenching of the carbon oxidation
reactions prior to consumption (carbon consumption problem). It is
therefore not difficult to conceive of alterations to the combustion,
cooling, and dilution processes performed in the gas-turbine combus-
tor which will result in significantly reduced mass emissions.

3 Past emission abatement efforts in aircraft gas turbine engines have
been directed primarily toward elimination of visible pollution -

smoke. Future aircraft emission regulations will also require con-
trol of the nonvisible emissions - carbon monoxide, hydrocarbons,

X, and nitrogen oxides over a specified aircraft duty cycle. AircraftI pollution regulations are contained in U.S. Public Law 91-604,
"Clean Air Amendments of 1970," which was approved 31 December 1970.
It requires the issuance of Federal regulations controlling exhaust
emissions. These anticipated regulations will probably require
reductions in all the mass emissions.

In addition to the ecological incentive for low-mass-emission com-
bustors, there are many other potential henefits from low-emission
combustion systems, such as:

° Noise reduction.

0 Altitude ignition improvement.

0 Specific fuel consumption reduction.

Increased combustor life due to decreased liner temperature
with reduced flame radiation.

Longer turbine section life due to reduced erosion.

A one-year program plan was devised to provide emission abatement
technology for aircraft gas turbine engine combustors. The selected
baseline engine for the program was the Detroit Diesel Allison T63.
There are two versions of this engine: nonregenerative and regen- -

erative. Emission data was available for both versions. Some of
the emission data is summarized in Table I.

A
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TABLE I. TYPICAL T63 ENGINE EXHAUST EMISSIONS

T63 Nonreienerative T63 Regenerativ,
Power CO fI H NO CO CxHY NOX

(hp) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

so 950 88 11 250 45 32 K

200 290 11 410 91 9 68

The T63 operates with a more lean primary zone than most other con-
ventional gas turbine engine combustors. Therefore, the T63 is rela-
tively clean-on NOx emissions but dirty. on CO and Cx v emissions.
However, the emission trends are representative of tne emission
problems prevalent in. all aircraft gas turbine engines.

The T63 is ideally suited for providing emission abatement technology
at minimum cost because it is a can-type combustor, and a T63 combus-
tage of the can combustor was that the fabrication cost of the corn-

bustors incorporating low-emission concepts is considerably less then
the fabrication cost of annular combustors employing the same con-
cepts. Therefore, for the same program costs, many more emission
reduction concepta could be experimentally investigated in can-type
combustors than in annular combustors. Thf coceptes whieh demon-
strate emission reduction potential in the can combustors could be
applied In future annular combustors.

Another advantageous feature of the T63 is the availability of both
nonregenerative and regenerative versions of the engine. The non-
regenerative version is representative of current helicopter gas
turbine engines, and the combuator inlet temperatur'e of the T63
regenerative engine is representative of future high-pressure-ratio

helicopter gas turbine engines.

The objective of the program was to develop and demonstrate emission
abatement technology sufficient to obtain a 50% reduction in total
mass emissions (CO, Cxlv, NOx plus particulates) from the T63-A-SA
nonregenerative engine when tested over a typical Army light obser-
vation helicopter (LOH) duty cycle. Constraints Imposed In meeting
the objective were

* No increase In individual pollutants.

* No significant NOx incrtase at regenerative operating conditions.

" No degradation in baseline corbustor durability and performance.

2



The prsirsm was separated into .three tasks:

* Task 1 - Problem Definition

Task 2 - Concept Analysis and Selection

Task 3 - Test

* Task 1 was to (1) select a representative LOll duty cycle.- (2) de-
fine the corresponding combustor operating conditions, and (3) assess
the emission problem for the selected LOll duty cycle.

* Task 2 was to analyze and select low-emission, gas turbine engine
combustor concepts. Three approaches to be used In this study task
were (1) emission reaction kinetic model predictions, (2) empirical
emission correlation predictions, and (3) survey of previously pub-
lished literature on experimental emissions performance of potential
low-emission combustors.

Task 3 was to obtain experimental emission and combustor performance
data in a combustor test rig which simulated the T63-A-SA engine
combustor flow path. Task .3 was to be conducted In four phases:

* Installation and check-out of T63-A-SA combustor test rig In
the Detroit Diesel Allison Combustion Research Laboratory..

B aseline -T63 nonregenerative and regenerative combustor
experiments to establish the baseline emission indices and to
determine the correlation between combustor rig and available
engine emission data.

" . Experimental evaluation of preliminary, potential low emission
combustors, each Incorporating one or-more of the selected
low-emission concepts.

J Experimental evaluation of final low-emission combustors.

" The work conducted. in each of the tasks is discussed In the follow- .
Ing sections. and additional infomemtion on Task 3 Is provided in.' . " . Appendixes I .ihouah IV. .

3



TASK I - FROBLM DEYFITN

The purpose of the Task 1 activity was to establish, early in the
program, those items necessary for the analysis and testing and
also to compute and analyze the emissions from the baseline engine
combustor. This phase of the program had t,'ree objectives:

1. Establish a computer model to calculate mass emissions (CO,
CxHy, NOx, and particulates) for a typical LOH duty cycle.

2. Calculate baseline, total mass emissions and specific mass i
emissions (CO, C H, NO and particulates) for the LOH duty
cycle using avai a e uk T63 emissions data.

3. Assess the relative importance of engine power settings and-
specific emissions on the total mass emissions for the LOH
duty cycle.

To accomplish these objectives five subtasks were conducted in the
order shown.

1. Define a typical LOll duty cycle.

2. Define the combustor operating conditions for each point in
the LOH duty cycle.

3. Establish an emissions index computer program for the LOH duty
cycle*

4. Calculate baseline engine elissions for both.onregenerative

and regenerative operation.

S. 'Conduct the duty cycle assessment using the baseline engine j
emissions.

These subtasks. will be discussed in the succeeding sections.

S. ene Am, LOU Duty Cycle

The -duty cycle -:typicel'of the U. S. Army's operation of a Light Obsr-
vation Helicopter (LOH) was determined from the study of various duty
cycles established for a variety of operational missions currently in
use. The first of three duty cycles used wae from a published re-
port documnting OH-6A helicopter* operating thea e combat scout
missions floin by the lot Cavalry Division in Vietn . The second
duty cycle was based upon a typical coercial flight and was ob-
tained from Detroit Diesel A .ison Service Departmt studies of
actual commercial operations.' The third duty cycle used was the
duty cycle from the ODA 1000-Hour Simulated Flight Endurance (SFE)

:..
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Test Schedui , 3 which is comprised of 30 simulated operational
missions. these mission profiles were obtained from the LOH Logisti-
cal Evaluation Tests made at Ft. Rucker, Alabama, and U. S. Army data
on combat missions.

Each of these duty cycles differs in the length of flight and in the
percentage of time in the cycle spent at idle and high power levels.
Army flights such as scout, ferry, command control, and training mis-
sions are usually one or more hours long and contain considerable
time at .. 'uise power. Commercial flights are normally 10 to 20 mn-
utes iong and have a much higher proportion of Idle, climb, and hover
power levels required.

It was concluded that the probable ase of the Army LOH aircraft in
the United States would be a compromise between the military missions
and flights having commercial characteristics. As a result of this
conclusion, a combination duty cycle was evolved which was a mixture
of military and ctm ercial flight profiles. This preliminary duty
cycle, thown in Tabie II, was furthek refined into the five-point
composite duty cycle, used for this program, shown in Table III

and Figure 1.
TA-S 11. PRELIMINARY LOH DUTY CYCLE

Cycle- Power
Point Mode (6 Wighting Factor

flight -Idle 0 05

2 Ground Idle 10 .10

3.Takeoff 100 .05

4Climb/Hover 75.30

S Cruiase 55 .40

6 Detent 0 .10

S I
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j TABIL II. COMiSSITE LOH DUTY CYCLE

Cycle Power
Point Mode (%) Weighting Factor

1 Ground Idle 10 .15

2 Takeoff 100 .05

3 Climb/Hover 75 .20

4l Cruise 55 .45

S Descent '0 .15

The eveluatiou of total combustor emissions was based upon thia duty
cycle for all combustor liners tested under this contract. To fill
the void between the 10% and 40% power points In the duty eycle, a
sixth point at 25% power was retained for testing only. This 25%
power point was not Included in any numerical evaluation% of combus-tot mtisslons."

. .Define Cambuator Oneretlni. Conditions 1 :.
.lp G .onjtnn

Th e%ine and combustion system operating conditions I ythe.
Wif duty cycle were based upon natual -ngine test results.
Combustor operating conditions for the standard T63-A-SA non-
regenerative engine were defined as wa i as combustor conditloos. for
a T63 regenerative engine.- These combustor eondl tions are. presented
in Tables IV and V for the nonegenerstive T63 ,A,.SA and for the re-
generative T63 engines respectively.

SAll cmbustor testing performed In the evaluation of cobtor liners

was conducted at-these six noregeneratiwv end six renerative con-
di tions. All comi bustor emission evaluations wore performed using
only five of the duty cycle combustor operating' condmitnins. The 25%
power emissions wore notused In the calculation of total eqmbAstor
liner emissions.

The evaluation of cvihuastor liner missis wae based upon the elcu-I
lation of an mission index (E). which is defined a the mss of
emissions (Ib) per thousand moss units (1000 lb) of fuel over a de-
fined duty cycle. for the invest4ption of low-ewsolon omb.tors
the. duty cycle used wes the LN daty ycle defined in 1able , and

.,,7
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the combustor operating conditions corresponding to steady-state
cycle points in this duty cycle were those defined In Tables IV and
V for the nonregenerative and regenerative T63 engines-

A computer program7 for the IBM 1130 computer was written which ac-
cepted the LOH duty cycle and the corresponding combiator operating
conditions along with combustor emissions measured at those combustor
conditions, and computed emission Index valv'es, emission rates, and
the mases of emissions produced.
The computer sequence of calculations began by tomputin4 an emlisskn
rate for each pollutant type from the measured concentrations: ppm
cnsitn unt (lb/mm)0 N ad , he weight or emissionume. (cooktiet
for O, x) fo NO, NO and Oce and emssin orats nuer (moeI
citent fo it rtcla so. nc theegtol emission aecwr.obtine in
and the emission Indices were computed for each duty cycle point.
The constituent emission weights were sunned over the duty .dpom
viding the total emission mass produced, the average mass geaeration
rate, ad the average emission Index for the constituent emission6
separately and totally.-
Because thet emission concentrations were measured In differentt sys.

temsof nits thee iffeenteqution wee-usd t coputethe -

rates of emission generation. .For concentratiors measured'in parcs
per' million (ppm), thle following equation was used to compute th#'.I

whre ti C IW.K )LU.1

where R emission generation rate, ib/tadn

C *emission exhaust concentration, ppm
p
We exhaust mass flow, lWai n

M u mitsuon MolpCUlar vf'ight, lVJLb'mole
.4 . p

M exhaust molecular weight, lb/lb-mole.

Emiss ion concenmtraons for carbon monoxide (CO), hydto-_arbons
(CxIty), and nirog1en oxides (.NO,- NO2, and NOX) were. all reasured
In ppm.-

Most particulate concentretions in the exhaust were reported as
smoke niumber aM were determined using the Aerospace Recomimended
Practice (AAP) 1179 as detxnned by the SJU~ io 1970. The osmerical
conversion from smoke mumber to true smoke density was accomlished
by UtIlizag a correlation developed by $tanforth and reportud by
Champagne1 The semilogarithwIc cur-v# reported by Chmmpagnewe
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fitted with the follow.ing numerical reltionship:

du *l, exp(KIbSN) Cl- ep( -K SN)]

+ 3 xp 3b (SN K3c) (2)

J
where d -true smoke density, mg/standard cubic meter

SN -smoke number (ARP 1179 Procedure)

litity

8,b 0.0575St est,./tna~ ee

K.,, K 0.1335ecnetatosfombsln nneeert~ n
romesiv h n~nswr epesd sgnrtinrts2ng~s

smut 8 .00is 4 4ytmrqie nyU5a1 hnei nt rmp



to pounds, and the required units were obtained for the emission ger-
eration rate.

In all emission calculations based on the approved LOH duty cycle, the
exhaust mass flow was sssumed to be equal to the combnstor inlet mass
flow of compressor dischiarge air. The mass of fuel was not included
in the exhaust mass flow. Since the fuel flow was only 1% - 2% of
the inlet airflow, emission comparisons were practically unaffected
even though the absolute magnitudes used in the comparisons were
slightly low.

Once the emission generation rates were computed for each emission
constituent at each duty cycle point, the mass of each constituent at
each cycle point was easily computed (the rate times the time), and
the emissions indices were computed. The emission index (El) equa-
tion used was:

1000 R
El = (4)wf

where E1 I emission index, lb pollutant/1000 lb fuel

R f emission generation rate, lb pollutant/min
P

Wf = fuel flow rate, lb fuel/min

The average duty cycle emission index for each pollutant was com-
puted based on the total mass of that pollutant generated over the
duty cycle and the total mass of fuel used. The total emission in-
dex was then the sum of the constituent emission indices.

Calculate Baseline Emissions

The baseline T63 nonregenerative and regenerative engine emissions
were available from test data previously measured on these engines
and documented in a DDA internal report. From curves of emissions
as a function of shaft horsepower, the baseline emissions were ob-
tained for each of the power levels defined by the LOH duty cycle.

The engine emissions for the nonregenerative T63-A-5A engine and for
the regenerative T63 engine are shown in Table VI and Table VII.
Hydrocarbon concentrations are given in parts/million of propane
(C3H8 , molecular weight 44), and total nitrogen oxides (P0 ) are given
in parts/million of nitrogen dioxide (NO2 , molecular weigjt 46).

Applying the baseline engine emissions to the emission index com-
puter calculation for the LOH duty cycle, the baseline engine emis-
sion index values were computed for both the nonregenerative and
regenerative T63 engines. ehe computer results of these calculations
are presented in Table VIII and Table IX. From the baseline engine

11



TABLE VI. BASELINE ~INENERATIVE T63-A-SA MNINE EMISSIONS

Engine Exhaust EmIssions

Ont Mode (hp) N% (ppm) (ppm) (ppm) (gm/mmn)

1 Ground Idle 33.5 10 1100 133 10 .300

2 Takeoff 335.0 100 160 3 82 1.196

3 Climb/Hover 251.0 75 220 6 514 .8011

4I Cruise 1814.0 55 320 11 36 .588

5 Descent 1341.0 '40 '170 22 22 .4171

TABLE VII. BASELINE REGENERATIVE T63 ENGINE EMISSIONS

Engine Exhaust Emissions
Particu-

C ycle Engine Power Level CO C 3H a NOx lates
Point Mode (hp) M% (ppm) (ppm) (ppm) (gm/min)

1 Ground Idle 28.0 10 330 60 28 .125.

2 Takeoff 280.0 100 50 3 98 .309

3 Climb/Hover 210.0 75 75 6 79 .272

11 Cruise 1541.0 55 100 10 64- .240

5 Descent 112.U 40 120 15 52 .200,

12



TABLE VIII. BASELIWI. T63 NONRE6ENERATIVE ENGINE
EMISSIONS INVEX VALES

GAS TURBINE ENGINE - DUTY CYCLE EMISSIONS

BASELINE NO.-REGENERATIVE T63-A-SA ENGINE EMISSIONS - LOH MISSION 30 SEPT 1971

* *'*e INPUT DATA **H**

CYCLE ENGINE POWER LEVEL CYCLE POINT TIME AIR FLOW FUEL FLOW FUEL/AIR
POINT HP PERCENT MIN PERCENT ,.B/SEC LB/HR RATIO

1 33.50 1000 9.00 15,00 1.87 73.70 0.01094
2 335.00 100.00 3.00 5.00 3.22 229.50 0.01979

3 251.00 75.00 12.00 20.00 2.98 178.50 0.01663

4 184.00 55.00 27*00 45*00 2.75 143.50 0.01449
5 134.00 40*00 9.00 15.00 2*53 119.00 0*.01306

60*00 100.00 140.65 LB

CYCLE * * * EMISSION CONCENTRATIONS BY TYPE * * 0
POINT C3M8-PPM CO-PPM NO-PPM N02-PPM NOX-PPM PAR-G/M PAR2- SN

1 133.00 1100.00 0.00 0.00 10.00 0,300000 0.00
2 3.00 160.00 0.00 0.00 82*00 1,196000 0.100
3 6.00 220.00 000 0.00 54.00 0.804000 0.00
4 11.00 320.00 0.00 0.00 36.00 0o588000 0.00
5 22,00 470,00 0,00 0,00 22s00 09471000 0,00

0L WT u 44.00 2800 46.00 46*00 46.00

• 0*0o OUTPUT DATA ***

CYCLE * * * EMISSIONS INDEX BY TYPE - LB/100 LB FUEL * *0
POINT C3H8 CO NO N02 NOX PARI PAR2

1 18.496 97.348 0.000 0.000 1.453 0*537 0.000
2 0.230 7.829 0.000 0.000 6.592 0.688 0.000
3 0*549 12.810 0.000 0.000 5.165 0.595 .0.000
4 1.155 21.389 0.000 0.000 3.953 0.541 0.000
5 2*563 34*852 0.000 0.000 2*680 0.523 0.000

CYCLE • 2*467 25.784 0.000 0.000 4.118 0.564...- 0.000
TOTAL OF ALL EMISSION TYPES FOR ALL CYCLE POINTS a 32,934

CYCLE * * * EMISSION WEIGHTS BY TYPE - LB * 4 *
* POINT C3H8 CO NO NO? NOX PARI PAR!

1 0.20447 1.07618 0.00000 0.00000 0.01607 0.00594 Jo00000
2 0.00264 0.08984 0.00000 0.00000 0*07564 0*00790 0.000000.
3 0.01959 0.45733 0.00000 0.00000 0.18441: 002.425 0.00000

4 0.07460 1.38120 0000000 000000 0,2 527 0.03496 -0.00001
5 0.04576 0.62211 0.00000 0.00000 0.04784 0.00933 0.00000

TOTAL " 0.34709 3*62668 0.00000 0.00000 0*57925 0.07940 0*00003
TOTAL OF ALL EMISSION TYPES FOR ALL CYCLE POINTS * 4.63244

CYCLE * 0 * EMISSION RATES BY TYPE - - LB/MIN 0 *
POINT C3H8 CO NO N02 I .OX PAR1 PAR2

1 0.02271 0o11957 0.00000 0.00000 0.l0011 0*00066 0.00000
2 0.00088 0.02994 0.00000 0.00000 0,025^1 0.0063 0.00000
3 0.00163 0.03811 0.00000 0,4000... 0.01536 0*00177 0.00000
4 0.00276 P405115 0.00000 0.020OO _000945 0.00129 0.00000
5 000050 J,06912 0.00000 0.00000 "0.00531 000103 00000

CYCLE a 0.00578 0.06044 000000 0.000 0*00965 :600132 0*0000
TOTAL OF ALL EMISSION TYPES FOR ALL CYCLE POINTS m 00 720

,1.3_.. .. _.4.
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TABLE IX. BASELINE T63 REGENERATIVE ENGINE EMISSIONS INDEX VALUES

IAS TURg9iNE E\IGIt - DuTY CYCLE E'ISSIONS

-A ELINE R GENERATIV" T63-A-5A ENGINE EMISSIONS - LOI i'IISSICN 30 SEPT 1971

Zf** % D rAT4

CYCLt E,In iO,.R LEVEL CYCLL. OVI.T TIME A:R FLO',' FUEL.FLOW JEL/AIN
n gI ,T ,fl 'ERCE"JT YIN% PERCE'4T Ll/SEC L'I/H? RA T I c

1 2P°O0 1000 0on 15.00 1.76 51.00 0.()80'*
2P.CO 1'0 O .0 a.*, 5.01 3 .4 154.00 0o0407

3 210.00 75.00 12.00 20.0C 2.081 122.00 0,,) 1 205
4 lI.,C)O 55.00 27.()C 4.5C0 2.62 101.00 " . O C,70

5 112.00 4 . O 9.30 15.c0 2e46 83.0 C.097

6"V. 0 00..0 97 64 L3

CVCLE * * E-ISSI.Ij CONCE.TRATIOS FY TYPE 4

CI N T C3LP,-P 'D co-PP.' NO-PPI.k NC2-PP', :..'-P." PARl-O/Y PAK2- SN

1 0. 00 r, 330.0 e 0.C, I.'l 28100 i e L" Oa. C 2 ;3aOC
2 3.0 500O 0 .0 C0 0.0C0 96.cO 0 a 3 U9, C

3 6.00 75. 0r; 0.aC 0.00 79.00 ." 272% ,.oC0 C.00
4 10 ,00 10. O .1)0 0.00 64.00 0.2 ;4',.C0 0.
5 15.CC' 120.0 0..0 00. 0 52.00 02 b2,', - ..?''

vOL '.T = 44.0 28.0:) .0 46.00 46.00

*** OTUT DATA **4

CYCLE ** EvI!SSICN5 INDE.X iY TYF - L,/ 000 LL- FUL *

Pe :T C3'8 C N O ':02 %OX D A DA42

1 11 p. 39.7. c 0.0 0 000,) 5.536 0.323 0.000
2 0.324 3.442 G.0co 0.0( ,, l..65 '.265 o.3cl
S 0757 6.? 9 0.00 0. D , 1 0 I0. 126 Ca294 0.00

t 1421 9.047 0.0O 0400c 9.513 ,.314 C C;c

5 .436 12.405 0.0CO (.o oI0831 0.1.18
CYCLE 2.076 10.6ei O. 1O 00a.C 9.466 .30 0 0000

TOTAL OF ALL EWISSION TYPES FOP ALL CYCLE' :'0I2TS 22*531

CYCLE * * * E'ISSIO'N vEIG6TS iY TYPE - LF 4 "

PO I %IT C3HP Co NO N,.32 '.-x PARI A ii

1 0.08681 0.30386 0.0000 0.00 0 O.q4235 0.00247 0 0 0 0(1,0
2 0.00249 0.02650 0.000 01.0003 0.08535 0.0020'4 0.00000
3 U.I0184P 0.147CI C o0.')0('O U.COCOO 0.25440 0.0071F O. ccO.
4 0.06462 0.41122 0.00000n 0.0000"', 0.43237 0.01427 0.0000,'?
5 0.03033 0.15444 0. 00OW' 0.CcooO 0.,10994 0. 3 96 0. 0'"00

TOTAL m 0.20275 1904305 0.00000 0.000o0 0.92443 0.02994 0.00000.:
TOTAL OF ALL E!ISSION TYPES WOR ALL CYCLE 0OINTS a 2.20019

CYCLE * * * MISSION RATES BY TYPE - - L,/YIN * *

POINT C3Hp CO NO NO 2 NX PARI :AK2

1 0.00964 0.03376 3. 00000 .OCO0 0.f)'470 0s.C0027 0.00000
2 0.00083 .OO883 0.0000") 0.00000 0o02845 0.00068 0.00000
3 0.00154 0.01225 0.00000r 000000,) %.02120 0.00059 0.000.o
4 0.00239 0.152 3.0000 30,000 0,1601 0.00052 ."o00000
5 0.00337 0.01716 0.00030 .OOo0o0 ,9,U1221 0.00044 C.Oc00

CYCLE x 0.00337 0.01738 0.000c0 ().OCCO 0.0154s0 0.00049 0,00Co
TOTAL OF ALL EMISSION TYPES FOR ALL CYCLF POINTS - O.O36 5
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emissions, the total emission index for the nonregenerative T63-A-SA
engine was 32.934 lb emission /1000 lb fuel over the LOH duty cycle.
For the regenerative T63 engine the total emission index was 22.531
lb emission /1000 lb fuel.

The contract objective of a 50% minimum reduction in total emissions
required the final combustor(s) to produce no more than 16.5 lb
emission /1300 lb fuel when tested at the nonregenerative combustor
conditions of the LOH duty cycle.

Duty Cycle Assessments

An assessment was made of the baseline T63 emission data for the
approved LCH misaion duty cycle. These baseline data are pre-
sented in Tables VI and VII for the nonregenerative and the
regenerative T63 engines respectively. The approach used was to
quantify the percentage contribution to total emissions from each
emission type at each cycle point. Conclusions could then be drawn
toward identifying the most promising areas for concentration of
effort to reduce the total emission level.

The evaluation to identify the major contributors to the total
emissions was dependent on the chosen duty cycle, the pollutant
concentrations, and the airflow. The baseline T63 engine emis-
sion data over the approved LOH duty cycle, were analyzed by de-
termining the mass of emission produced by each pollution constitu-
ent for each portion of the duty cycle. These individual values were
then summed three ways: by constituent for the entire cycle, by duty
cycle point for all constituents, and by all constituents for the
entire duty cycle. These results for the nOnregenerative and the
regeneretive T63 baseline engines are shown in Tables X and X1.
For each pollutant at each LOH duty cycle point, the exhaust concen-
tration and the percentage contriLution to the total duty cycle mass
emission are given. The "cycle point total" column shows the contri-
bution in percent to total emission supplied at each duty cycle
point. The "cycle total" row at the bottom of the table shows the
total duty cycle contribution of each constituent to the emission
total.

Analysis of the data presented in Tables X and XI shows the
critical areas where effort must be concentrated to reduce the level
of total emissions. The following are the important conclusions
drawn from the data in Table X concerning the nonregenerative
engine emissions.

1. Because of its high concentrations, carbon monoxide is the
largest nonstituent contributor of mass emissions, producing
78.3% of the total. To obtain the 50% minimum reduction in
total emissions, carbon monoxide must be significantly reduced.

is



TABLE X. NONREGENERATIVE T63-A-SA
ENGINE DASELYNE EMISSIONS PERCENT
CON RIBUTIOK TO EMISSION TOTAL

CYCLE

C3He CO NO PARTICULATES POINT
CYCLE WEIGHTING x TOTAL
POINT FACTOR (pp) N) (ppm) N (ppm) (g/min) 06) 06)

1 .15 133. 4.4 1100. 23.2 10. .3 .300 .1 28.1

2 .05 3. .1 160. 1.9 82. 1.6 1.196 .2 3.8

3 .20 6. .q 220. 9.9 54., 4.0 .804 .5 14.7

4 .45 11. 1.b 32(. 2?9.8 36. 5.5 .588 .8 37.7

5 .15 22. 1.0 470. 13.4 22. 1.0 .471 .2 15.7

CYCLE

r TOTAL 1.00 23.85 7.5 391.70 78.3 38.08 12.5 .600 1.7 100.0

TABLE Xl. R GENERATIVE T63-A-SA ENGINE
BASELINE EMISSIONS PERCENT
CONTRIBUTION TO EMISSION TOTAL

CYCLE
C3H 8  Co NOx  PARTICULATES POINT

CYCLE WEIGHTING TOTAL
POINT FACTOR (ppm) (90 (ppm) (N (ppm) (9) (gm/mi) () (%)

1 .15 60. 3.9 330. 13.9 28. 1.9 .125 .1 19.8

2 .5 3. .1 50. 1.2 98. 3.9 .309 .1 5.3

3 .20 6. .8 75. 6.7 79. 11.6 .272 .3 19.4

t4 .45 10. 2.9 100. 18.7 64. 1.7 .240 .6 41.9

5 .15 15. 1.4 120. 7.0 52. 5.0 .200 .2 13.6

CYCLE
TOTAL 1.00 14.64 9.2 118.37 47.4 63.86 42.0 .226 1.4 100.0
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2. Because of their relatively small contribution to the total
emissions, care must be takei to insure that the remaining
constituents do not increase above baseline levels.

3. Cycle point 4 (55% power) is the major emission contributor,
due mainly to its high weighting factor of 0.45.

4. Since carbon monoxide and hydrocarbons have such high concen-
trations at cycle point 1 (10% power), this cycle point ranks
a close second in the magnitude of emissions produced,with
28.1% of the total. The overriding influence of carbon
monoxide is clearly seen here.

It therefore appears that the greatest reduction in total emissions
could be made by concentrating on carbon monoxide. Decreasing the
concentrations of hydrocarbons, oxides of nitrogen, and particulates
is important, but it would have only secondary effects on the total
emission index.

The important conclusions drawn from the figures in Table XI con-cerning the regenerative engine emissions are as follows:

1. For the regenerative enginethe major constituent contributors
are carbon monoxide, 47.4%, and nitrogen oxides, 42.0%.
To significantly reduce the total emissions in the regenera-
tive engine, a definite advancement in technology is required
to lower the production of CO and NOx simultaneously.

2. Because of its 0.45 weighting factor, cycle point 4 (55% power),
is the major cycle point contributor of emissions. Cycle
point 1 (10% powerX and cycle point 3 (75% power), contribute
nearly identical amounts of emissions, and together they pro-
duce nearly as much as cycle point 4.

It is apparent that reductions in emissions in this regenerative
engine can be realized only if all constituent emissions are lowered
at all operating conditions.

Calculations were made to assess the effect of variable combustor
geometry for reducing the EI using T63 baseline emissions data.
The approach taken was to assume that variable geometry could main-
tain any cycle point emission concentration constant at all combustor
operating conditions. Using this approach and the baseline emission
concentrations, each cycle point concentratin was held constant over
the entire duty cycle. The resulting El values for both nonregener-
ative and regenerative emission baselines are given in Tables XXI and
XIIl. Summing the lI's of the four emission constituents produced .
the total pollutant El levels shown in the right-hand column. These
would be the LI levels if the combustor operated ever the entire 4

17



TAIL! XII. EFFECT OF CONSTANT 8 ISSION CONCERffTrIGN AT CYCLE POINTS OVER TOTAL
CYCLE P01 NONREGENEIATIYE T63-APSA BASELINE ENGIN EMISSIONS

TOTAL
CYCLE HP CA CO NO. PARTICULATES POLLTANT

PON (9IPI) 9 (Ppm) El (pp.) zX (plai) l El

1 10 133.

2 100 3. .31 160. 10.53 82. 8.937 1.196 1.12 20.83

3 75 6. .62 220. 14.48 54. 5.849 .604 .76 21.70

4 53 11. 1.41 320. 21.06 36. 3.89 .588 .55 26.64

5 40 22. 2.2e 470. 30.94 22. 2.38 .471 .44 36.04

TOTAL
CYCLE S2 23.8 2.47 391.7 25.78 38.1 4.12 .600 .S6 32.93

TAILE XIII. EFFECT OF OWTANT ENISSION CII TTION AT CYCLE POINTS OEr TOTAL
CYCLE ." ItGJEPEATIVE T43-.SA SLSII. NGINE WIISSIONS

TOTAL
C N CO NO PARTI CULATr. 14; ,ATAm

CYCLE HP
POINT (34 (p) LI (Ppm) 11 (ptA) tI (pu)9 1

1 10 60. 8.S1 310. 29.78 28. 4.15 .15 .17 42.61

2 100 3. .43 SO. 4.%l 98. W.53 .30q .42 1.89

3 75 t. .65 75. 6.77 79. 11.71 .27a .37 19.70

5 $5 1O. 1.42 10o. 9.02 64. 9.49 .240 .32 20.21

S 40 15. 2.13 120. 10.83 52. 7.11 .200 .27 20.1

TOTAL
CYCL, 52 14.6 2.08 118.4 10.68 63.9 9.47 .226 .31 2a.53
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cycle at the pollution concentrations of the given cycle points.
The baseline £I totals are 32.93 for the nonregenerative engine.
and 22.53 for the regenerative engine. These results are shorn graphically
in Figure 2.

The last line on Tables XII and XIII gives the baseline El for each
emission type. The concentration given is the average concentra-
tion which, if held constant over the WH cycle profile, would
result in the baseline EI for that emission type.

It is apparent that variable geometry would help reduce emissions,
especially for the nonregenerative combustor, but for no cycle "

[ point condition would the 50% reduction goal be achieved.
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TASK -CONCEPT AM JLYSIS A SELECTION g

The purpose of this contract was to apply concepts, previously
shown• to be basically feasible, to an aircraft gas turbine cobustor
and to evaluate these concepts by tests which culminate in demon-

stration of a combustor having significantly reduced emissions of
CO, C-Hy, NOx, and particulates. Specifically, emission abatement
technques were to be incorporated into a Detroit Diesel Allison
T63-A-SA combustor which, when evaluated over an approved Light
Observation Helicopter (LOH) duty cycle, would demonstrate a minimum
total mass emission reduction of 50c, with no increase in con-
stituent emissions. E
To provide directions for achieving the contract goal of emission
abatement, Task 2, Concept Analysis and Selection, was devised for
the purpose of analyzing potential emission reduction concepts and9
selecting the most promising for fabrication and experimental test.
The approaches used in analysis of emission abatement concepts
were threefold in nature:

- * Reaction Kinetics Predictions.

Empirical Correlation Predictions.

Combustor Emission Test Data.

The" approaches were applied where possible t ward evaluating •
povariety of i tental ession. abatement concepts which have dmn

strted reductions in gas turbine engines. A general listing of: "these potential concepts• s +as follows;

Lean primry xon*.

* Rich primary sone.

Early quench.

" Cold primary tone air injection.

Staged fuel injection.

* Variable geometry

N Meat rejection from primary zone.

Swrl primary sone.

- Premix and vaporizer fuel injectors.
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SMassive primary zone recirculation.

" Reverse flow primary zone.

* Different combustor valume.

Plug flow.

The purpose of this section is to state the conclusions reached
as a result of the Task 2 studies along with the combustor concepts
recommended for fabrication and experimental testing in Task 3 of
this contract. Reported first are the detailed results of the
approaches used in the evaluation of the potential concerLs along
with the compilation of these results and the ensuing denisions
culminating in selecrion of the prelminary combustor cuncepts.

The emssion abatement concepts investigated cen be grouped into
three areas, depending upon the portion of the combiustor that is
modified by the concept. These areab are the fuel Injector, the
primary zone, and the primary-dilution zone. The potential combus-
tor concepts investigated in Task 2 were the following:

* Fuel Injector

Air Blast/Air Assist

Premix and Vaporizer

Staged

" Primary Zone

Lean

Rich

Variable Geometry

Early Quench

Reverse Flow

massive RecirculatIon

Swirl

Meet Rejection

Water Injection

Cold Air Injection

22



Primary Dilution Zone

Increased Length

Double Combustor Volumes

Rapid Plug Flow

The approaches used in the analysis and selection of the concepts
in Task 2 were threefold: reaction kinetics predictions, empirical
correlation predictions, and the published results of experimental
tests. The analyses and results from these approaches will be pre-
seuted along with a summary which will enumerate the deci. ions made
o.mcerning each combustor considered.

: 1eaetion Klne~t~ea Analyses

An analytinal computer program 1u o predict carbon monoxide, un-

burned hydrocarbon, nitric oxide, and nitrogen dioxide emissions
in a gas turbine combustor Is being developed In the Combustion
Research Section at DDA. The accomplishments to date have re-
sulted In a finite-rate hydrocarbon combustion reacti.. mPchaniam- " 1"model.lE This Dart of the computer program is opertional and
car be used to predict mission trends as a function of fuel-air

ratio. inlet tmperature, pressure, and volume (residence time).

The reaction mechanism combines a global rote equation for the
breakdown of hdrocrbona to carbon monoxide and hydogen with
finite-rate equations for the cosustion of carbon monoxide and
hydrogen and the formation of nitroRen oxides. Fifte*en specis

S are 1icluded: C H (hydrocarbon fuel), Art CC), CD2 , H, H 0... 0 M 2,$ N , ND 9og, an•N

A flow awel for the macroscopic combustion process, the perfectly
stirred reactor model, was developed which applied the chemical.
reaction mechanism model to en Ideal methematical combustlon syntem
For the Task 2 reaction kinetics analyses, an approximate plus'
flow model ws compild whieh divided each combustion volu Into a
finite number of perfectly stirred reactors In series. Studies, using this approximte mowW1 , revealed a critical Mmoitit of

the carbon monoxide exhaust concemtrations to the subvolumesize or
nsber of subvolume steps within each zone. For use in this model
the T63 combustor was divided into four zones. as indicated In the
sketch In figure 3. The Last three zones are the plug flow tonesand are divided in subvolumes. As Is evident from the plot in

Flgure 39 the CO concentration Is very sensitive to the mAuer ofsubvolume In Zone 11. In thtis figure, two different technique*
of zone subdividing were Investigated. In the first method an
equal s aber of volumes in each zone was def!ned; for the three
plug flow scatiom, this required may total snbvoleee and load
oeputer runing times for the osllation. Th second technique
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selected subvolume sizes which allowed the constituent concentra-
tion to chqnge by a specified percentage. Thus each zone could
have a different number of subvolumes. It was found that Zone II
was the most critical zone and required the largeat number of sub-
volumes. As is indicated, to most accurately predict exhaust car-
bon monoxide concentrations, the approximate model must approach a
precise model, i.e., an infinite number of subvolumes per zone. The
selection of the number of subvolumes per zone was a comp~xomise be-
tween computer running time and consistent results.

Even though the CO exhibited a marked sensitivity to the number of
steps per zone, the oxides of nitrogen concentrations showed almost
no variation for those combinations defined in Figure 3. The
important result of this sensitivity ,udy was the indication that
for reduLtion in carbon monoxide the combustor must convert to
plug flow as quickly as possible.

Of the eighteen concepts inv.!stigated in the Task 2 studies,
only eleven could be analyzed with the reaction kinetics
model. Those combustors investigated with the reaction kinetics
model are listed in Table XIV. The procedure in the kinetics
analysis was to schematically define each combustor concept, in-
cluding the baseline combustor (standard T63-A-SA). Carbon monoxide
and total oxides of nitrogen concentration predictions were com-
puted for each design at each duty cycle operating point. The con-
centrations were then used as input to the duty cycle emission
index calculations. The resulting emission index (EI) for CO
and NO is listed in Table XIV.x
The reaction kinetics standard T63-A-SA combustor model is given
in Figulne 4. The predicted CO and NOx emissions are compared with
the emissions measured on the test rig in Figure 5. From this
figure, it is apparent that neither CO nor NOx reductions are
limited from a kinetics standpoint. The following sections will
discuss the results of the kinetics investigations of the concepts
listed in Table XIV.

Lean Primary Zone

In this design the hole 3izes were changed to produce a lean
primary zone having an equivalence ratio of 0.50. The predicted
emissions showed a significant increase in CO with a similar
decrease in NOx. These differences are quantified in the E1
values in Table XiV. Leaning the primary zone simply trades a
decrease in NOx for an increased CO concentration, which is not
acceptable. Were there a design which would allow this type of
constituent tradeoff, leaning the primary zone would be helpful.
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TABLE XIV. EMISSION ABATEMENT COMBUSTOR CONCEPT

COMPARISON FOR REACTION KINETICS ANALYSIS

EMISSION INDEX
LB EMISSINS/OOOLB FUEL

i.CO NOx  CO + NO
NO. DESCRIPTION O

00 Baseline T63 (Rig Test) 26.094 4.648 30.7112

0 (Prediction) .939 .617 1.556

PRIMARY ZONE

4a Lein (= .35) - -

4b (C = .50) 3.864 .102 3.966

5a Rich (d = 1.0) .4156 6.161 6.617

6 Variable Geometry .48o .405 .885

7a Early Quench .612 .4041 1.016

11 Heat Rejection 8.567 .040 8.607

12 Water Injection .897 .200 1.097

PRIMARY-DILUTION ZONE

141a Increased Length (+100%) - - -

111b (+200%) .210 .676 .886

15 Double Combustor Volumes .202 .996 1.198

16a Double Length (0 = .68) .486 .643 1.129

16b (0 " .5) 2.370 .107 2.477

17 Rapid Plugged Flow .545 .617 1.162
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Rich Primary Zone

The rich primary zone combustor incorporated a 1.0 equivalence
ratio primary zone. This design showed the reverse trend of the
lean primary zone combustor. The CO was reduced but at the ex-
pense of a greatly increased NOx concentration.

Variable Geomttrv

The variable-geometry primary zone equivalence ratios for each
LOH duty cycle point were optimized for minimum total cycle EI
with no constituent increace using the empirical correlation
equations to be discussed in subsequent sections. These geome-
tries, itemized in TableXV, were analyzed with the kinetics
model. As can be seen from TableXIV, both the CO and the NOx
total mass emissions were reduced. Therefore, variable geometry
could probably be used to reduce the total emissions of any
fixed-geometry combustor.

In this designthe first row of holes was moved upstream to a

point where the primary zone volume was reduced to half its
standard value. The reaction kinetics model predicted a 35%
reduction in both CO and NOx total emissions. Therefore,this
concept should be further investigated in the Task 3 testing.

Heat Reiection

It was assumed in this configuration that a standard combustor
experienced sufficient primary zone heat transfer to reduce the
primary zone average temperature by 600*F. The predicted emis-
sions showed a great increase in CO and a similarly great re-
duction in NOx concentrations. Again, if tradeoffs among con-
stituent emissions were possible, this technique might be
beneficial.

Water Injection

This concept was a standard combustor with 1.5 pounds of water
per pound of fuel introduced into the primary zone at the 75%
and 100% power operating conditions. The kinet~cs model showed
a significant reduction in NOx and also a reduction in CO con-
centration at these conditions. The decrease in NOx was a result
of the lower primary zone temperature, but the reduction in CO was
because of its reaction with the hydroxide ion (OH*) created from
the added water. This water injection technique may be useful as
an interim abatement method, but it does not appear practical for j
use on a helicopter installation. The reduced burner exit temper- 3
ature resulting from the addition of the water must be corrected
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TABLE XV. VARIABLE-GEOMETRY NONREGENERATIVE T63-A-SA
COMBUSTOR FLOW SPLITS USED IN REACTION
KINETICS ANALYSIS

CYCLE POINT

1 5 4 -3 2

Power .Level (%) 10 40 55 75 100

Flow Splits (%)

Section I 26.9 32.3 42.9 49.1 74.4

Section II 12.8 12.8 12.8 12.8 12.8

Section III 17.4 17.4 17.4 11.4 .0

Section IV 4..9 37.5 26.9 26.7 12.8

Primary Zone Equivalence Ratio

Fixed Geometry (Conventional) .42 . 51 . 56 .64 .77

Variable Geometry .60 .60 .50 .50 .39
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back to standard burner exit temperatures by the addition of more
fuel. Therefore, if exit tenperatures are maintained by an increase
in fuel flow, the predicted emissions would change accordingly.

The extended-length liner was a standard T63-A-SA liner with
a 6-inch cylindrical scation added between the first row of
holes and the second cooling air annulus. The predicted
emission changes from the standard liner agreed quite well
with the changes in emissions observed in the test data.
With this extended-length-liner desiga, the CO is reduced
significantly enough that if it were coupled with a concept
for reducing NOx, the result might be quite favorable.

Double Combustor Volumes

If all of the Lombustor volumes were doubled, the CO concentra-
tion was predicted to decrease and the NOx to increase. Since
it is not desired to allow increases in NOx, the size of the
primary zone should not be increased. This was shown more
positively in the early quench configuration presented above.

Doubled Predilution Volume. - .68

In this concept the predilution volume was increased in a stan-
dard length combustor by moving the second row of -holes to the
location of the third row, and moving the third row downstream
to the end of the liner. If this were done to a standard liner,
it was predicted that the CO concentrations would be reduced
substantially at the low power conditions, while the NO hardly
increased. Therefore, the downstream portion of the cumlustor
has almost no effect on NOx while permitting substantial changes
in the CO concentrations. In this design the predilution volume
was essentially doubled in a standard liner length.

Doubled Predilution Volume. - .50

This doubled predilution volume design had the same hole
locations as the previous design, but the hole sizes were
changed to lean the primary zone to reduce NO. The
predicted emissions showed a significant decrease In NOx, but
the CO concentration increased to a level above tae baseline
concentration. It appeared that the T63 combustor CO emissions
were very sensitive to equivalence ratio at the idle or 10%
power operating conditions, but that at the higher power levels,
the CO sensitivity was almost nonexistent.
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Rapid Plug Flo

Figure 3 shows the importance of quickly reaching plug flow on

reducing CO emissions. In the reaction kinetics model being used

in this study, plug flow was approximated by a finite number of
stirred reactors in series. Thus the degree toward achieving

actual plug flow was indicated by the number of series stirred
reactors in a particular region. As the number of stirred reactors

increased, the region more closely approached plug flow. Therefore,
it was reasonable to expect considerable reductions in CO concen-
trations if a combustor design converted to plug flow more quickly

in the sensitive region immediately downstream of the first row

of holes.

The EI values computed and listed in Table XIV for the reaction
kinetics predictions were converted to percentage changes
relative to the predicted baseline EI values in the analysis

summary of Table XVI. From these kinetics studies, three of
the Thsk 2 conclusions were supported: the primary zone should

be small and should approach a stirred reactor kinetically, the
predilution zone should convert to a plug flow region as quickly
as possible, and variable geometry may reduce further the emis-

sions of any fixed-geometry combustor.

Empirical Correlation Analyses

Exhaust emissions for the T63 gas turbine have successfully 
been

predicted from empirically derived correlation equations."14 The forms

of these equations were employed along with normal least-squares

curve fitting techniques to create a pair of empirical equations

for predicting carbon monoxide and total oxides of nitrogen exhaust

emissions from T63 combustors. The empirical equations were fitted

to the standard T63-A-SA combustor emissions measured in the

Research Laboratory on the T63 combustor rig which was set to the

nonregenerative T63 operating conditinns corresponding to the

approved LOH mission duty cycle. Th, fitted expressions for CO and

NOx which were obtained are the following:

-t 1.25
CO - 5219.*EXP(-.1511d "7 *(P*Tf)'2*V/N) (5)

w NOx a ,5330*P*V/(N*Tf)*EXP(.001446*Tf) (6)

wherej

CO * exhaust concentration of carbon monoxide, ppm

NOx - exhaust concentration of total oxides of nitrogen,

ppm
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P = combustor inlet pressure, psia

M - combustor overall airflow, lb/sec

V = combustor predilution volume, in3

Tf - average flame temperature. "R

The T63-A-SA standard combustion liner isj shown in Figure 6.
The primary zone volume and flow fraction were used in the estima-
tion of the average flame temperature. The degree of fit provided
by the above empirical correlation equations can be seen in their
comparison with the experimental rig data in Figure 7. These
equations were used for the empirical correlation analyses of all
applicable combtitor concepts in the Task 2 evaluations.

The combustor concepts analyzed with the empirical correlation [
equations are listed in the summary chart of Table XVII, along
with the emissions index computed for the CO and NOx constituents
over the LOH duty cycle. In general, the combustor concepts
analyzed with the empirical correlation equations were the same
concepts analyzed by the reaction kinetics approach.

Lean Primary Zone

Emissions were predicted for two lean primary-zone conusti n
liners having primary-zone equivalence ratios of 0.35 aid 0.SO
at maximum power conditions. It was clear from the predicced
emissions that the NOx concentrations should be significantly

x5
reduced but that the CO increases to concentrations considerably
above the baseline levels.

Rich Primary Zone

Enriching the primary zone reduced the CO concentration according
to the empirical correlation model, but again at the expense of
increasing the other constituent, NOx. Therefore as with the
lean primary-zone configuration, changing the primary-zone
equivalence ratio simply trades one emission for another.

Variable Geometry

A variable-geometry combustor has the potential of operating
over a wide range of primary-zone equivalence ratios at any
set of operating conditions. This concept was utilized In an
approximate manner by computing CO and NO exhaust emission con-
centrations at each LOH operating point for primary equivalence
ratios between 0.3 and 1.0. Using thete predicted emissions, the
time-weighted masses of each pollutant were computed for each

35p P ndiq hlnk
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TABLE XVII. EMISSION ABATEMENT COMBUSZOR CONCEPT

COMPARISON - EMPIRICAL CORRELATION

ANALYSIS

EMISSION INDEX

COMBUSTOR CONCEPT LB EMISSIOWS/OOOLB FUEL

NO. DESCRIPTION CO N.Ox  CO + NO

00 Baseline T63 (Rig Test) 26.094 4.648 '0.742

0 (Predif;tion) 25.978 4.331 30.309

PRIMARY ZONE i

4a Lear (0 - .35) 63.386 1.602 64.988

4b 4.50) 2310 2.522 44.832

Sa Rich (0 1.0) 12.034 10.0O0 22.034.

6 Variable Geometry 22.314 4.326 26.680

7a Early Quench 25.985 4.330 30.315

11 Heat Rejection 48.374 2.263 50.637

12 Water Injection - -.

PUIMARY-DIWUTION ZONE

14a lacrezed Length (+O0M) 8.053 5.496 14.549

lb ('200%) I.S52 9.352 11.204

15 Double Combuator Volumes 4.398 8.758 13.156.

16. Double Length (f .68) 4.706 8.394 13.100 1

.6b m -. ) 7.024 4.882 11.906 

17 Rapid Plugged Flow - - -

3I.

4

N

Ii



I .. • - -

duty cycle point. Emission indexes ( El ), were computed for
a' ll of the possible combinations (58) of cycle point eqaivalence
ratios. The minimum El was then selected for two separate
conditions. First there were no constraints imposed to limit
any constituent El. This effectively allowed for increased
NOx to be traded for decreased CO concentrations, as long aj the
combined ELI was reduced. The resulting minimum El for the
case with no constraints I:Mposed was 19.71 lb CO and NO, A

* :emissions/10O lb fuel compared with 30.31 lb CO and NOX
emissions/lO00 lb fuel for the baseline combustor. The CC and
NOx concentrations are defined in Figures 8 and 9. for this i
case. Operating the combustor at these equivalence ratios
a "lowed the oxides of itrogen to more than double.

If the constraint were imposed that no cycle EI could exceed
the standard combustor levels, a significantly different set of
equivalence ratios resulted. These, the emissions concentrations
corresponding to the "constrained" minimum cycle ELI are also
identified in Figures 8 and 9 . The ?NOx emissions index w~s
maintained at the baseline level, thus restricting the available
CO redtction. The minimum El for this "constrained" case wis
26.68 lb CO and NOx emissions/O00 lb fuel. This concept by itself,
does not o~fer a solution to the goal of 50% emissions reduction,

but it may be beneficial in combinati on with other techniques.

Early %iench

The eamirical correlation equatiotts are insensitive to changes
in pristary lone volume. Therefore,there was no effect.predicted
for an early quench primary zone combustor. Evaluations of this
concept must be mad* by utilizing reaction kinetics and teat
data emissions.

most Rejection

In the espirical ec'aations, heat rejection from the primary
zone was approxiatmed by reducing the primary-zone tuwmprature
by Increments of -300'0. The predicted effect of heat rejection

* it the same as tte effect chown for a more lean primary-zone
combustor. The CO concentrations all increased and the NO eon-
centretions all decreased. The El in Table XVII f~p hta
rejection were coopited from the emissions coucntr tion pre-
dieted by a 600*F reduction in primary zone tempereture. To meet
the goals of this contract.neither the CO nor the NO emissltins
con exceed those ptoduced by the standard cowbustor.:

Increased L*ngth (Extended-Length Liner.'

Since in the T63 cosbustor, carbon sonoilde accounts for nearly
80% of the total mass emissions, significant effort should be

39



2000

1.0MAIU

1000 0.PRMY

700 -0.8 t CONSTRAINED

0.7

2 0.6
* 300 -
* 0.5

0.0.4
200 -.. UCNSRIE

4~0.3

'4 v

40

7 0 '-o'

E E

20 ~ RIG TEST DATA
20

10

(i7

S

2

0 20 40 60 80 100
Percent Output Horsepower

Figure 8. Empirical Correlation Predicted Variable-
Geoinete~y Emission Map for Carbon Monoxide.

40



duty cycle point. Emission indexes ( EI ), were computed for
all of the possible combinations (58) of cycle point equivalence
ratios. The minimum EI was then selected for two separ:,te
conditions. First there were no constraints imposed to limit
any constituent Ai . This effectively allowed for increased
NOx to be traded for decreased CO concentrations, as long as the
combined EI was reduced. The resulting minimum EI for the
case with no constraints imposed was 19.71 lb CO and NOx
emissions/l000 lb fuel compared with 30.31 lb CO and NOx
emissions/l000 lb fuel for the baseline combustor. The CO and
NOx concentrations are defined in Figures 8 and 9. for this
case. Operating the combustor at these equivalence ratios
allowed the oxides of nitrogen to more than double.

If the constraint were imposed that no cycle El could exceed
the standard combustor levels, a significantly different set of
equivalence ratios resulted. These, the emissions concentrations
corresponding to the "constrained" minimum cycle El are also
identified in Figures 8 and 9 • The NOx emissions index was
maintained at the baseline level, thus restricting the available
CO reduction. The minimum El for this "constrained" case was
26.68 lb CO and NOx emissions/lO00 lb fuel. This concept by itself,
does not offer a solution to the goal of 50% emissions reduction,
but it may be beneficial in combination with other techniques.

*Early Quench

The empirical correlation equations are insensitive to changes
in primary zone volume. Therefore,there was ro effect predicted
for an early quench primary zone combustor. Evaluations of this
concept must be made by utilizing reaction kinetics and test
data emissions.

Heat Rejection

In the empirical equations, heat rejection from the primary
zone was approximated by reducing the primary-zone temperature
by incrementf; of .300*R. The preileted effect of heat rejection

* is the same as the effect shown for a more lean primary-zone
combustor. The CO concentrations all increased and the NO con-
centrations all decreased. The EI in Table XVII for heaf

* rejection were computed from the emissions concentration pre-
dicted by a 600"F reduction in primary zone temperature. To meet
the goals of this contractsneither the CO nor the NO emissions
can exceed those produced by the standard combustor.

Increased Length (Extended-Length Liner)

Since in the T63 combustor, carbon monoxide accounts for nearly
80% of the total mass emissions, significant effort should be
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directed toward reducing the CO exhaust emissions. One method
for reducing the CO concentrations is to increase the residence
time that the CO is within an oxidizable temperature range, thus
allowing it to convert to CO2.

This can be accomplished by I'creasing the predilution zone vol-
ume, viz., the region between the primary holes and the dilution
holes. If this volume were Increased 100% or 200%, the CO
emissions should reduce substantially while the NOx emissions
should increase. The computed El islues using these predicted

* emissions show that the CO reduces at a much faster rate than
the NO increases. Based upon these predictions, an extended-
lengthxliner was fabricated by adding a 6-inch cylindrical
section to a standard liner to increase the predilution volume.

The significant reductions in CO from the increased predilution
* volume of the extended-length liner may permit tradeoffs with

NOx to reduce the NOx back to baseline levels and thus achieve
reasonable overall reductions in the total T63 combustor exhaust
emissions.

Double Cgmbustor Volumes

In this concept the entire combustor was doubled in volume.
Here again,the empirical equations' insensitivity to the primary-
zone volume showed less of an increase in NOx emissions than
would be realized in an experimental test. Because the total
volume up to the dilution holes, when doubled, was nearly the
same as a 200% increase in the volume between the primary and
dilution holes, the emissions computed for the doubled-volume
combustor were very close to the predicted emissions for the
extended liner discussed above.

Double Predllution Length

If the dilution holes in a standard liner were moved downstream
until the new combustor volume upstream of the dilution holes
were twice the upstream volume in a standard combustor, the
resulting emissions predicted by the empirical equations would
have the same trends as discussed above for the standard equiva-
lence-ratio-configuratio, increased-volume combustors. Once
again the CO was greatly reduced, but the NO increased. If
the primary zone of this increased-length cofiguratiou were to
operate at a more lean condition ( - 0.50), then the NOx con-
centrations might be returned to standard emissions levels and
a net CO reduction might still result.
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Increased Volume/Variable Geometry

If a liner with increased predilution volume (here defined as
the volume upstream of the dilution holes) were used to reduce
the CO concentration, the NOx emissions would increase. A plot
of the computed LOH mission duty cycle El as a function of
predilution increase can be seen in Figure 10 . The proportion-
ate reduction in CO is predicted to be much greater than the
increase in the NOx emissions index. Applying variable geometry
to some increased-volume combustor would allow a tradeoff between
CO and NOx, such that NOx might be reduced to the baseline level
while allowing CO to increase to a level above that predicted
for the fixed-geometry larger-volume configuration. The result

* . of this approach would be a net reduction in CO with no increase
in N~x . The predicted effects of this technique, using the
emirical correlation equations, showed that the increased-

*volume/variable-geometry combustor concept may have the potential
of meeting tne emissions reduction contract goal of a 50% decrease
in total emissions with no increase in any constituent emission.

Test Data'-

The souirdes of test data used in the analysis and selection of
reccmiended concepts were from three general areas: combustor tests
performed during the early portion of Task 3, combustor emission
test results from General Motors divisions (DDA and GMR), and emis-
sion data from private industry outside General Motors and from
Government agencies. The following sections will briefly discuss
the types of test data obtained and how they were applied to the
concept analyses of Task 2.

Biz lest Data

The first source of test data was the testing of three prelimi-
nary low-emission combustor concepts in Task 3 prior to the com-
pletion of Task 2. These three experimental tests were recom-
mended early because of their simplicity and availability and
because their test results would be very influential in the de-
cisions relative to additional preliminary low-emission combustor
concepts. These three combustor concepts were the following:

Extended-Length Liner (Concept 1)

* Rich-Primary-Zone Liner (Concept 2) A

" Air-Blast/Air-Assist Injector Liner (Concept 3)

The performance of these combustors is described in detail in
the Task 3 discussion and in Appendix II.
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General Moturs Te~t Da te

The General Motors test data were obtained from two
divisions of GMC. The Detroit Diesel Allison test data
were both for aircraft combustors (T56 and T63 engines), 15

and for automotive combustor applicationsl6. The remaining
GMC sources were combustor development reports from General
Motors Research Laboratories (GMR). One report1 7 was con-
cerned with reduced-emission combustors for Stirling engines.
For these combustors, the reductions of all emissions (CO,
CxHx, NOx, and smoke) were measured and reported. The bulk
of the GMR combustor experiments ",',' " were directed
toward reducing the oxides of nitrogen in a regenerative gas
turbine engine for automotive applications# the GT-309 engine.
Iata o" = cuneentratluns were repor!L uti all of th aumbul-
tor designs either as a function of gasifier speed or at one
gasifier speed (normally 80% speed).

Typical of the single-data-point concept evaluations by GMR is
the effect of water injection on NOx emissions shown In
Figure 11. Shown here is a reduction of 57.5% in NOx by the
addition of 1.5 lb water/lb fuel. The empirical correlation
equation predicted a reduction in NO of 43.9%, assuming that
the lower flame temperature due to the water addition behaved
aa would heat rejection from the primary zone.

Even though the oxides of nitrogen emissions were well docu-
mented, carbon monoxide and hydrocarbons were reported in only
general terms for many combustor designs. Thus most of the
GMR data was used for evaluating NOx reduction combustor
concepts.

Other Test Data Sources

The balance of the teat data applied to the Task 2 evaluations
were emission abatement concepts for aircraft gas turbine
QL04uators. Several of these sources were concerned
with air-assist fuel injector designs for reducing emissions,
primarily smoke. Water or steam injection t26-.2' has been
Investigatedas a conc*pt for reducing oxides of nitrogen con-
centrations. Lean primary-zone combustors 2 8 , 2 9 were found to
produce less NO than combustora which operated nearer
stolchiometric In the primary zone. Improved mixing in the
primary zone from twirler configurations 2 2 , 3 0 also resulted in
lower oxides of nitrogen concentrations in the engine exhaust.

As is evident from the above combustor configurations, little .
test data was found on concepts for reducing carbon monoxide
or hydrocarbon emissions. The referenced test data were used

4' '
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in the sumary chart on emission abatement concepts in
Table XVI, page 33.

Because it was no" possib],- to apply the test data directly to
the LOH mission duty cycle, thp effeutiveness of the combustor
concepts investigated was quantified on a percentage basis.
Even though the combustor operating conditions were not the
same as for the LOH cycle, combustor data presented as emis-
sion concentration as a function of gas generator speed were
LOH duty cycle weighted at the corresponding percentage of gas
generator speeds to compute an approximate emission index value
for the concept. Whenever possible, emissions were converted
to an emission index for both baseline and the abatement config-
uratiuas, and the percentage change in each emission constituent
was determined. The references listed in Table XVI refer to the
repurts listed in the literature cited section cf this report.

Analysis Summary

The culmination of the Task 2 analysis of emission abatement com-
bustor concepts is presented in Table XVI. In all, eighteen basic
design concepts were analyzed for their emission reduction poten-
tial from three approaches: reaction kinetics, empirical correla-
tion, and published test data. All concept emissions were trans-
lated from emission index to percentage change of carbon monoxide
(CO) and oxides of nitrogen (NO.) relative to the baseline combustor.
For the reaction kinetics and empirical correlation analyses, the
baseline combustor was the standard T63-A-SA combustor. For the
published test data, a baseline combustor was the standard design
from which the particular abatement concept was fabricated. The
following comments concerning each of the emission abatement
concepts sunmarize the results of the Task 2 investigation.
The conclusions and the prellminary combusters were based upon these
results. Refer to Table XVI for the numerical evaluations of each
concept.

1. Air-Blast Fuel 11liector

The air-blast fuel injector tested had a more lean pri-
mry-zone than the standard injector. Thus, the CO in-
creased somewhat. The most important contribution from
this injector was the significant reduction in smoke or
particulates..

2. Air-AssistFuel Injector

The air assist injector exhibited low smoke, as did the
air blast injwctor. Some reductions in CO and C.Iy were
also obtained. It thus appears that an air-blast or air
assist fuel injector can be used to specifically reduce
particulates and smoke and may provide some reductions
in other emissions as well.
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3. Premix -and Vaiporizer Systems

These systems show decreases in NOX emissions which re-
suit from the better mixing of the air and fuel, thus
reducing the local, fuel-rich hot-spot regions. Pre-
mixing andAr prevaporization of liquid fuel tends to
bring t~ie combu.,tor primary zone closer tu a stirred
reacitur 4-egiofl.

4. Itaged Fuel InIIectionIi Staged fuel systems are a compromise between a fixed-
geometry and a variable-geometry combustor. These Sys-
temhs have multiple fuel injectorsand each operates over
a more narrow range of primary-zone equivalence ratios
than is possible with a single-injector, fixed-geometry
combustor. If complexity such as staged fuel is accept-
able, variable geometry should provide more control and
lower emis'dions for' no increase in complexity.

S. LeAn EriMary Zone

A more lean primary zone increases CO concentrat. ia.
Us,!d by itselfthis appr'oach Is unacceptable even thoughINOX emissions are reduced. Where Increases In CO can be
traded for NOX reducinlaigtepmryzecod
be adapted. oinlaigtepiayzn ol

6. Aich Primar i Zne

Enrichenirig the primary zone increases the average flame
temperature and thus the NO~ concentrations. Also, this
approach tends to. increase smoke and particulates.

7. Variable GeoaietrX

Variable geometry can decrease both CO and NO~ ave rages
over a duty cycle, but at the expense of Increased com--
plexity. It may be used on future fixed 'comsbustor designs
to gain additional reductions In emissions.

8. Earir %uenched Primary Zone

An early-queached primary zone may produce reductions In
both CO and NO .Since the primary-sone volume Is re-
duaced, th~e residence time for NO, formation Is shorter.
The Intermediate zone between the primary and dilution
zones Is Increased, thus allowing the CO to be further
consumed. Earlier quenching, which Implies a mnimuo-
sized. stirred-reactor primary zon., will reduce NO~ eels-
uions.



9. Reverse-Flowftmr Zon

Reverse flow is a means of increasing the primary-zone
mixing and recirculation. Howeverthis concept may cause
Increases in CO emissions.

k.10. Massive RecrULaWIM~

This concept permits a tradeoff between CO and NO, conA-
centrations. The effect of massive exhaust recirculation
is to reduce the NO by decreasing the local hot-zone

temeraurs ad llowin leaner operation ii the primary
zone. A more lean primary, however, will create h~igher
CO emissiions. As the recir--u'ation is incre~ased, primary-
zone conditions approach tt..)se of a stirre4~ reactor.
'Thus the higher the recirculation. the small-or thie

required primary-zone volume.
11. Swirl Primary Zone

The effect of the swirl primary-zone concepts is to
improve the mixe,nIess and reduce the local hot-spot tem.-
peratures, thus reducing the concentrations of the NO,
formed. These desgo also Improve t~he primary-zone
recirculation.

Heat rejection from the primary zone c-eate* exccessive
Increases In carbon morioxide. Also9 a heat exchanger
would be required betvaen: the primary zone and the
dilution sone to transfer the heat. This heat ex-
changer would be large except for low heat rejection
rates.

*13. YleIyliectionf

Although water Injection into the primary zone will de-
crease CO and NO c 'ncent1'etioni, its us* may present
logisti%:s probleme. In addition to the mass of water
which must be carried, the use of water will require
higher fuel usage to maintain turbine Inlet temperature,
and this will penalize-the engine SIC as well s payload.
Also, the engine cost and complexity will increase. There-
fore, this approach should be considered onrly If other
tetiiques are uisuccessful or as an Interim emission
reduction technique for existing aircraft.
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l4. Cold Air Injection

The in.jection of cold air into the primary zone has the
most 4ttracriveness for N9 reduction in regenerative gas
turhine engines which inherently have a source of cold
air. For a nonregenerative engine, an auxiliary air com-
p.Pessor would be required as well as a heat exchanger to
reduce the injected air temperature. Therefore, it appears
rhat cold air injection is impractical for the standard
T63 engine.

15. Ingjed Prediuton Length (Extended-Length Liner)

The Importance of increased predilution length was drama-
tically Illustrated by the reductions in carbon monoxide,
hydrocarbons, and smoke (particulates) in the extended-
length-liner test. It appears practical to use the ex-
tended-length liner with its slightly higher NOx euassions
and to apply other techniquei to reduce the NOx. An
extended-lergth liner in combination with early quench, for
instance, may produce reductions in all emissions. Effort
could then be directed at reducing the overall combustor
length.

l. Qj~ble CombuItor Volumes

The sizable increases in NO due to increases in the pri-
mary-zone volume clearly show that the primary zroe must
be reduced to an small a volhwu as possible.

17. Double !redilution Lenffth

Doubling the predilution length within the standard com-
bustor envelope should substantially reduce the CO emis-
sions. The NO, concentratio ns should increase and pos-
sibly the combustor exit temperature profile may be
severely distorted. Improvements might be more lean
operation to reduce the NOX at the expense of increased
CO. but the exit tempereture rofile may be the most im-
portent element In combustor performance acc-ptability

Is. Rapid Plul Flow

The rapid conversion to plugged flow downstream of the
primary zone should produce the largest reduction in CO
per inch of predilution zone length. The attainment of
rapid plug flow may provide significant CO reOuctions
in a standard combustor envelope.
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It appeared from the analyses conducted in Task 2 that to reach or
exceed the 50% minimum total emissions reduction goal with no in-
crease in any constituent emission product, a combination of two or
more of the promising concepts investigated above might be required.
Several of the preliminary combustor concepts for Task 3 testing
incorporated combinations of emission abatement concepts. It was
the testing of these preliminary concepts that gave direction to
the remainder of this contractual effort.

Conclusions

The analyses conducted in Task 2 revealed four emission-abatement
combustor design approaches which should be explored and evaluated
in Task 3 testing:

1. Fuel injectors should be an air-blast or air-assist configura-
tion. This type of fuel injector should have toe most signif-
icant effect on reducing combustor exhaust mass 'articu-
lates and smoke.

2. The combustor primary zone should be as small as possible
and should approach a stiroed reactor region kinetically.
As combustors approach this goal, the carbon monoxide and
oxides of nitrogen should be reduced.

3. The predilutior' zone (that region between the primary zone
and the dilution zone) should convert te a plug flow
region as quickly as possible. This approach should signif-
icantly reduce the carbon monoxide concentration with
little effect on the oxides of nitrogen. This might be
accomplished by geometrical changee to force early plug
flow, or it might be sought by .engtheniaig the oredilution
zone section of the combustor.

4. Emissions from any fixed-geometry combustor may be reduced
further by the inclusion of variable geometry to control
the air split between the primary and dilution zones, thus
controlling the primary-zone equivalence ratio.

_Preliminary Conceots

The conclusions from the Task 2 studies along with some esrly com-
bustor testing from Task 3 have resulted in preliminary concepts to
be fabricated and tested in Task 3. The following is a description
of the preliminary emission-abatement concepts in the order of
testing priority. It was anticipated that subsequent modifications
to those concepts which demonstrate reductions in emissions might
be required to fully evaluate their design potentials. Each of the
subsequent concepts is, in general, a modified version of the stan-
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dard T63-A-SA nonregenerative combustor sketched in Figures 4
and 6.

1. Extended-Length Linr (Figure 12)

The extended-length liner was a standard T63-A-SA liner
with a 6-inch cylindrical section inserted between

the first,or primary, row of holes and the second film-cooling
air annulus. This additional predilution length would allow
more residence time at intermediate combustion temperatures
to consume the CO, unburned CxHy, and particulates before
reaching the reaction-quenching dilution air. Even though
an increase in NO was expected, this emission constituent
problem would be aealt with by adapting NOx reduction-tech-
niques to the extended-length hardware.

2. Rich-Primary-Zone, Standard-Length Liner (Figure 13)

The purpose of the rich-primary-zone combustor was to
establish experimentally the tradeoff between CO and Nh.
resulting from increased primary zone equivalence ratios.
As the extended-length liner experimentally evaluated
increased predilution residence time, the rich-primary-
zone liner experimentally evaluated increased primary-zone
reaction temperatures.

3. Air-Blast/Air-Assist Fuel Injector. Standard-Length Liner
Figure 141

Experimental data have shown that air-blast and air-assist
fuel injectors greatly reduce the smoke or particulates pro-
ducedi by a combustor. The improved fuel spray preparation
and mixing by the blast air were expected to assist in the
suppression of primary-zone hot spots and localized quench-
ing, thus potentially reducing both NOx and CO. This fuel
injector evaluation was tested in a conventional
T63-A-SA liner with the fuel injector bushing modified as
required to accept the fuel nozzles.

4. Variable-Geometry, Extended-Length Liner (Figure il

.For this design the NOx, increased by the longer residence
time from the additional length, was to be controlled by
variable dilution geometry. The variable geometry was accom-
plished by the rotation of a ring covering enlarged
dilution holes which increased or decreased the blockage :
to the dilution air. This combustor was designed to operate
at primary-zone equivalence ratios above and below those in
the standard liner. The second row of holes was closed, and
additional holes were added in the dilution hole row. A
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2Figure 1 . Exteriarnde.,nad-Length Preliminary Combuator Lnr

Liner.
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Air-Blast/Air-Assist Fuel Injector

0 0

Figure 14i. Air-Olast/Air-Assist Fuel Injector, Standard-Length

Preliminary.Combustor Liner.

-ROTATING BAND VALVE

Figure 15. Variable-Geometryt ExtendedI-LengthI
Preliminary Combustor Liner.
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standard fuel injector was usedand the liner dome remained
unchanged.

5. Early-Ouench. Extended-Length Liner (Fizure 16)

Beginning with a basic extended length liner, the first row of
holes was covered and an identical row was cut in the liner
adjacent to the first cooling air annulus. This modifica-
tion produced an early-quench primary zone which was to re-
duce the NOx concentration in the combustor. A standard fuel
injector was used.

6. Deaved-Dilution Standard-Length Liner (Fifure 17)

This liner and liner number 7 were the only modified standard-
length liners recommended for preliminary testing. It was
hoped that the length of a successful long liner could be
reduced in the latter stages of this contract, but an early
evaluation of a standard-length liner woald show sensitivity I
of the combustor exhaust temperature profile to dilution
hole geometry and dilution zone length. For this standard
length design, the second and third rows of holes were closed,
and a new dilution, row of holes was added further downstream
just ahead of the exhaust centerbody as indicated. The fuel
injector, dome, and first row of holes were standard.

7. Delaved-D$ tion/Annular-Dilution Standard-Legth Liner

In anticipation of a degradation in exhaust temperature
profile in Concept 6, an upstream extension to the combustor
centerbody was added and the dilution holes were modified.
There were more dilution holes of smaller size in this de-
sign. This created a single-sided annular dilution zone in
the "can" type combustor. The concept was that single-sided
dilution from a multiplicity of dilution holes would signif-
icantly improve the exhaust temperature pattern.

8. Premix-Cuo/Gaseous-Fuel Extended-Length Liner (FiUre 19)

For this design, the conventional dome was removed and a pre-
mix cup was attached in its place. The first row of holes was
closed. Through the lateral sides of the premix cup passed
the primary air previously added through the dime and first
row of holes in the standard liner. All of the primary air
was injected through a multiplicity of small holes, creating
a "pepper pot" type of premixing of the fuel and air. The
liner was extended length with the extra length being added
in the center section as in the baseline extended-length
liner (Concept 1). Gaseous propane was the fuel injected

'1 ii I J I I I J im I ilJ I



PLU FLWZN

AT REDUCED TEMPERATURE SMALLER

RECIRCULAT(ON

PRIMARY HOLES
MOVED FORWARD

Figure 16. Early-Quench, Extended-Length
Preliminary Combustor Liner.

CAN DILUTION ZONE

ENGINE
CENTERBODY0

tSTANDARD DILUTION PLANE

NEW DILUTION PLNEil

figure 17. Delayed -Dilution,, gtandard Lertgth Prwliminmry
Combustor Liner.
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ANNULAR DILUTION ZONE
(SINGLE SIDED)

0 0

EXTENDED
CENTER BODYQ

0

L-STANDARD DILUTION PLANE

NEW DILUTION PLANE

Figure 18. Delayed- Dilut iori/Annu lar- Dilution, tnadLnt
Preliminary Combustor Liner.

FLOW ACCELERATING. IREMAEY4AIR
BAFFLEINJECTION

GASEOUS FUEL (PROPANE) INJECTION
WTH AIR PARMIX

Figuro 19. Praiax-CUP/A..eous..I',,l, Extended-Length
I'Eelladiery Combustor lnr.
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into the premix cup to simulate prevaporized fuel. It was
planned that, should this test demonstrate significant emis-
sion reduction, a liquid fuel vaporizer system would be
designed and tested. A methane torch igniter was used to
light the burner.

9. Plug-Flow/Canted-Primary-Air,Extended-Length Liner (Figure 20)

The predilution section of this combustor deviated consid-
erably from the standard liner'. The purpose of the con-
verging section was to induce a plug flow region as far
upstream as possible. This extended-length combustor main-
tained the standard fuel injector and dome, but the primary
air holes were located on the canted surface of the predilu-
tion zone throat and thus injected the primary air in an
upstream or reverse-flow direction. It was hoped that
injecting the primary air in this manner would increase
the primary-zone mixing.

10. Tangential-Swirl-Dome Extended-Length Liner (Figure 21)

In this design the liner dome was replaced with a tangen-

tial swirler through which passed all of the primary zone
air. The first row of holes in the standard extended-length
liner section was closed. The second and third rows of
holes remained unchanged. A standard fuel injector was
used. It was hoped that the tangential swirler would pro-
duce increased mixing and recirculation in the primary song.

K . This combuator had the same overall length as the standard
extended- length liner: 6 Inches longer than the production
T63-A-SA liner.

11. Rdial-w-rl. Primary-Zone.Extended-Lensth Liner (Figure. 22)

This comustor was similar to the tangential-dome swirler
configuration (Concept 10). It, too, was extended length
with a standard injectorbut instead of a tangential
swirler, a radial twirler injecting the am volume of
primary air was used.

12. Rich'-Premix/Swirl-Do*e. Ixtended-Leutth Liner (PiMAre 231

This combustor configuration was an attmt to operate a
coubustor liner at above stoichiometric fuel-air mixture's
in the primary zone to inhibit the formation of NO: I
This we accomplished by creating a fuel-rich swir-
stabilized mixture in a premix cop having a radial swirler
concentric with the standard fuel injector. This rich
mixture was stabilized by the sudden expansion at the -

entrance to the reaction sone end quenched by a row of holes
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* j CANTED UPSTREAM

FLOW RESTRICTION To
ESTABLISH4 PLUG FLOW

Figure 20. Plug-Flow/CantedmPrimaryt Extenlded-Length
Preliminary Combustor Liner.

STRONG RECIRCULATI 'ON
PLOW PArTURN

TANGENTAL 3AMm SLOTSA LLT U PR0MARy AIR

F16pur 21. ?anenti1S-wfr1, Extendoe4angth

Prelimnary Combustor Liner.
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STRONG RECIRCULATING
FLOW PATTERN

DOME SWIRLER

(ADMITS ALL
PRIMARY AIR)

Fipre 22. Rawr Extended-Length Preliminary.

-Combutor Liner.

Radial Swirler
Promix-Cup

Primary Quench Air

figre 23. ftich-fremix/SwirF'0se, Bte ddLW40t
Preliminary Combustor Liner.
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located downstream of the reaction zone. The concept was that
the fuel rich primary-zone would retard the NOx formation andthe sudden quench would quickly reduce the reaction temperature

to a level below rapid NO formation temperatures. The ex-
tended length would consulie the CO, CxH y, and particulates
as before, resulting in reductions in all emissions.

13. Pepper-Pot-Dome, Extended-Length Liner .Figure 24)

I iThe pepper-pot dome combustor was conceived to apply the
conclusion that low NOx would result from rapidly mixed,
small-primary-zone recirculation. This approach was
applied by designing the primary zone to have all of the
Inlet air enter through a multiplicity of small orifices
In the liner dome. These orifices would induce short
penetration jets Into the liner through the fuel spray,
forcing the reaction to occur in a small volume adjacent to

. - the liner dome. Convection predilution zone cooling was
used to avoid quenching the CO, CxHy, and particulate
reactions In the extended-length combustor. A conventional
fuel injector wa- used.

14. Delayed-uench. Extended-Lensgth Liner (Fisure 25)

The delayed-quench combustor was a third version of a

primary-hole axial location Investigation which was
searching for NOx reduction by repositioning the axial lo-
cation of the primary holes. The early quench (Concept 5)
and the *xtended length (Concept 1),were Identical I
combustors having different axial psition. ofl the primasry
holes.

<V15. Pr'eix/PrevaprizatiOn, 9xtended..Leth Liner (Figure 26)

This combustor concept utilized a premix/prevaporization
tub* section upstream of the primary section to premix the
fuel and primary air and to prevaporize the fuel before
entering the reaction zone. This premix/prevaporization
feature was to 1""rve combustor homogeneity &Md to avoid
fuel droplet burning In an extended.length combAustor.' lAdit L1owal features• of this concept were sudden expansion

" for flame stbilization, lean primry zone to m~nl/ze -NO
formation, delayed dilution to consume the CO. CxK and "

particulates, en convection ooling instead of fil

In the cool air film.

16. Preadimber Extenied-agit Liner (fig=r 27)

The fuel prevaporlzatiom approach wa further explored with
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SMALL SCALE RECIRCULATION
WITH RAPID FUEL.AIR MIXING

PEPPERPOT DOWE
PRIMARY AIR INACTON

Figure 24. Papper-Pot Dome.. £Etended-Length
Preliminary Combustor Liner.

Lurger Primary Zone

Primsry Holes MIoved Aft

fig"", 25. Delayedenak, tzaedd4.Ist
Prel"iry Cuwmbutor Limw.



i Fuel Premix/Prevaporization Tube

Flame Stabilization Bluff Body

t

*fiv~Are 26. Presix/Previnporization E xtendd-Length
Preliminary Combustor Liner.

Fuel on~ Wll

fuel file vaporized I

figur 27.Preche~ber, ExtonadedLength Preliminary
Fi~u'e ~ Combistor Liner.
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a different vaporization mechanism in the prechamber com-
bustor. In this concept the fuel was vaporized off the
inside surface of a premix tube. A high-velocity mixture
of inlet air and combustion gases supplied the heat of
vaporization to the fuel and mixed with the vapori/wed
fuel prior to coumbustion. The homogeneity of the fuel-
gas mixture was to reduce all emission constituents: the
NOx by the reaction zone design, and the CO, CxHy, and
carbon by the extended length prior to dilution quench.

17. Ontimn PrEXrv. Extended-LeMnth Liner fFi&Mre 281 

A final primary hole design was investigated with
the "optimum primary" concept. A six-hole pattern
of primary boles In the conventional axial location
replaced the standard twelve-hole pattern. The concept in
this reduction in the nimber of primary holes for the same
air input was that the larger jets of air would penetrate
the primary zone more energetically, thas improving the
'mixednes. and recirculation. The extended length was re-
tained for consumption of the Co, IN), and carbon.

The majority of the recomended combus-or8 were 6 inches longer
than the standard T63-A-SA combustor. It was predicted in Task 2
that this added length could significantly reduce CO, CxHy, and
smoke. Those designs described above which could maintain the
reduced CO, CrAHV, and smoke while reducing the NOx were candidates
for further desIgn modificationa to shorten the combustor liner ..3
as auch as possible and atill meet the emlssion reduction goals
while not degrading the combustor pressure loss, stability or exit
temperature profile. These decisions were made after the above
prliminary concepts had been fabricated and tested,
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Six-Hole Pattern Primary 3

Figure 28. Optimum Primavy, Extended-Length
Preliminary Combustor Liner.
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LASK 3 TEST

The experimental testing phase of this program was to obtain experi-
mental emission and combustor performance data in a combustor test
rig which simulated the T63-A-SA gas turbine engine. The combustor
rig testing accumulated 673 data points taken during 246:40 hours
of burning time on 31 different combustors. The combustors tested
were of three general types, listed below:

* Baseline T63-A-5A Combustors
3 Tested

* Preliminary Low-Emission Combustors
17 Tested

* Final Low-Emission Combustors
11 Tested

* Prechamber
8 Tested

" Modified Conventional
3 Tested

The Task 3 results reported in this section are discussed in the four 9
areas in which the work was performed:

" Experimental System Description - A description of the facility,
instrumentation, and combustor test rig used.

Baseline Combustor - A discussion of the T63 nonregenerative
and regenerative combustor experiments conducted to establish
baseline combustor emissions, and a correlation between combustor
rig and available engine emissions data.

Evaluation of Preliminary Combustors - A discussion of the de-
sign and test results from the seventeen preliminary low-emis-

sion combustor liners evaluated to assess one or more low-
emission concepts.

Evaluation of Final Ccmbustors - A discussion of the design
and test results from the eight "Prechamber" low-emission
combustors and the three "Modified Conventional" low-
emission combustors relative to their satisfying the
objectives set forth for this combustor program.
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Exper'*%ental S~ystem Description

The combustion experiments were conducted in the DDA Combustion
Research Laboratory. In addition to the combustion experiments,
some of the liners were tested in cold-flow air experiments. Both
the cole-flow experimental system and the combustion experimental
system are described in the following sections.

Cold-Flow ExPerimental System

The cold flow experimental system provides qualitative data on the
aerodynamic flow pattern in the combustor liners. It provides
some insight into where the air goes after entering the combustor
liner. As shown in Figure 29, the combustor liner is inserted into
the plenum which is red with air at ambient temperature and slight-
ly above atmospheric pressure. The flow rate during the tests is
set to simulate the actual flow factor,

aI
which is encountered in hot-flow combustion experiments. A
plate, coated with a mixture of kerosene and carbon black,
contoured to the shape of the combustor is installed in the liner
through the exit. The airflow rate is then established and main-
tained until the flow pattern is imprinted on the plete, as
shown in Figure 30 for the T63-A-SA conventional combustor liner.

Although the cold-flow experiments were crude and provided only
qualitative data, the results were valuable in assessing the aero-
dynamic flow patterns inside the combustor liners. Several of the
low-emission combustcr liner dccigns were modified based upon the
cold-flow results. A more sophisticated instrumentation approach
using hot wire anemometry has been used in the past to measure
quantitatively the 3-D flow path, but this app' oach was beyond
this program's scope. It is, however, recommended that such a sys-
tem be computerized and used to establish the 3-D aerodynamic
flow paths in combustor liners. Ideallythe tests should be con-
ducted under actual combustion conditions, but the current hot-
wire probes cannot withstand the temperature.

Combustion Exoerimental System

The combustion experiments were conducted in the DDA Combustion
Research Laboratory using JP-= fuel and nonvitiated (neat)
air. The required combustor operating conditions were
previously selected and o.t1ablished in Task 1. The com-
bustor operating conditiij.w, as previously presented in Tables
IV and V, vary over the following range of conditions:
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Combustor Inlet Temperature 3000to 970OF

Combustor Inlet Pressure 13 to 92.3 psia

Fuel/Air Ratio 0.0080 to 0.0198

Airflow Rate 1.76 to 3.22 lb/sec

The above combustor operating conditions could be readily simu-
lated under steady-state conditions in the DDA Combustion Research
Laboratory. Major elements of the facility used in conducting the
experiments were:

* Air supply system.

• Fuel supply system.

Ignition system.

* Data acquisition and reduction system.

* Emission measurement system.

* *T63 combustor test rig.

The systems and experiments were remotely operated from the con-
trol room shown in Figure 31 . The above-listed combustion
facility elements used in the experiments are described in the
following paragraphs.

Air SuolX System

The air supply system provided nonvitiated air at the required
inlet temperature, pressure, and flow rate to simulate the
engine combustor airflow conditions. This system, as shown in
Figure 32, includes air filter, air heaters, airflow control,
pressure control, flow metering and exhaust systems. After
the air passed through a filter, the airflow was measured with
a standard ASHE flange tap orifice plate. A throttling valve
controlled the airflow rate. An oil-fired Thermal Research
air heater and a bank of four electric heaters in parallel,
rated at 200 kw each, were used to heat the oambustor inlet
air temperatures. This heater system Is capable of heating
the inlet air to 1500"f. However, in this program, the I
maximum required temperature was 970"F.

The test facility can accommodate two IS0-inch-long test
sections. Test section connections are made with 10-inch

flanges at the inlet and exhaust. In this program, the T63
test rig was installed in one of the ISO-inch test sections.
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The exhaust ducting is equipped with an automatic water spray
bar system for cooling the exhaust products to 4.0OF. The ex-
haust gas is then either vented to the atmosphere or ducted
through a set of steam ejectors. With this system, the test
section static pressure can be controlled over a range of pres-
sures from 9 in. Hg absolute up to 300 psia. Altitude simula-
tion was not required in this progrem, and the pressure was con-
trolled to preselected set point values ranging from 43 psia
to 92.3 psia.

Fuel SuoPIv System

All but one of the combustor liners in this program were tested
on JP-4 f, el; the remaining liner was tested on gaseous propane
fuel. The JP-4 system is capable of supplying fuel at a maxi-
mum flow r-,te of 2450 lb/hr and 2000 psi*. These were more than
adequate to meet the fuel flow requirements for this program. The
JP-4 was stored in an underground tank and transferred ',y a
boost pump to a high-pressure pump which could provide a maximum
delivery pressure of 2000 pasia. The JP-4 fuel system incor-
porates a surge tank and feedback system to eliminate any
potential pressure pulsations in the fuel flow delivery. JP-4
flow rates were measured with a turbine-type flowmeter which
had been calibrated on JP-4 fuel.

The gaseous propane was supplied by a bank of ten cylinders of
liquid propane. The delivery pressure was limited to the vapor

* pressure of propane which is approximately 100 psig. To assure
a constant delivery pressure and flow rate, the bank of pro-

pane cylinders was enclosed and convection heated by a forced,
. "heated-air system*. The propane flow rate was -measured with a -

turbine-type flowmeter.

The combustor liners which had standard T63-A-SA primary lones
were ignitedwith the conventional T63 spark Ignition system
AU other combustors were ignited with DA-designed methane-
oxygen torch Igniters to ensure ignition In the burner without
spending 0 significant effort on Ignition development problem.
After a stable flme was obtained, the Igniter wai turned off
before any emission or perfomance data were taken for the cor-
bustor liners. The torch Igniters were operated at sufficiently
loan fuel/air ratios to assou low Igniter flm temperatures to
avoid any damage to the combustor liners during Ignition.

Data Aouisition ad SedactiN m Ivatm

An automatic digital data acqusitlon and reduction Sysem was
used in this program. The systeL can acquire 200 chsnnels of
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input test data in 15 seconds. The principal components of
the digital data acquisition system are a cross-bar scanner,
digital voltmeter, digital computer, high-speed paper-tape
reader, teletype printer, and high-speed paper-tape punch.
The digital data acquisition system operates as follows.

The scanner (as programmed by the computer) steps
through the 200 data channels and feeds the signals
to the voltmeter. The only restriction is that the

.input data must be in the form of either voltage orfrequency.

* The digital voltmeter reads the signals as received
and sends them sequentially to the computer.

The digital computer reduces the raw data to engineer-
ing units, such as pressure and temperature. The com-
puter also operates on the data to calculate the desired
flow parameters, such as airflow rate, fuel flow rate,
fuel/air ratio, percent pressure drop, and emission
indices.

* The calculated data are then printed out by the teletype
or can be logged by the high-speed punch.

The cross-bar scanner is a Hewlett-Packard 2911A/B 200-channel
unit. The voltmeter is a Hewlett-Packard 2402A integrating
digital voltmeter. The computer is a lewlett-Packard Model
21168 with 16,000 words of memry. The computer is equipped
with a high-speed paper-tape reader.

A data acquisition program was written for this progra- to
acquirt electrical signals from the various types of Instro
mentation and to convert those signals to the corresponding
enginering units. Once converted, those data were used In
the data reduction prop'.. to calculate parameters, such as
fuel flow, airflow, fuel/air ratio, ewtssion indexes, pressure
loss, temperature profile, temperature pattern factor, and
other parameters of interest. Some of the data wes printed
out during the testsuch as in Table XVIII. The top group of
data in Table XVILI was to achieve the desired "set-point" flow
conditions. When the required flow conditions were achoeved,
the full data acquisition was initated. Parameters of inter-
eat were then immediately "printed not" as shown in the lower
half of Table XVIII. A complete listing of data, containing
more detailed data as shown In Table XIX, was typed out /medl-
ately after the test.

The data reduction calculations for several item shown in
Table XIXneed to be clarified. These ore the calculation of
combustion efficiency, chemical fuel/air rmtI4 and onlosion
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TABLE XVIII. TYPICAL DATA PRINT-OUT DURING TEST
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TABLE XIX. TYPICAL DATA PRI NT-OUT D*4ED lATELY AFTER TEST
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IM
4 ~indexes. The combustion efficiency was calculated film the
K ~exhaust gas analysis data by the following equation.-

fr~0 (-121,7IS) + frHC (-879,347) -fr N,(38,88O)-fr NO (14,564)

The chemical fuel/air weight rati.o was calculated as (1) a
check on the fuel and airflow rate measurements, and (2) a check
on the emission gas sampling method to ensure that a valid
sample is ebtained from the exhaust. The chemical fuel/air
weight ratio in hydrocarbon fuel-air reactions was calculated
from exhaust gas analysis by the following equation:

./wt~~(fr CO + fir C + 3 fr H) (B) fK)

0r + fr + fr., + 0.5 If~fr~ (Cfr 0  frO
22 2 2

In the above equations, frzxx is the volume fraction of the cost-
ponent as reported by gas analysis. The subscript HIC Is un-
burned hydrocarbons, reported as C4. The values of the con-
itonts (A), (B), and (C) ore listed in Table XX for the JP-4
fuel and propane fuel used In this+ program.

The emission Indexes (EI) for carbon monoxid, hydrocarboos,
and oxIdes. of nitrogen shown In Table=l war* calcualated by th*
following equations.
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El 28.011l C co (1 + F/A)
CO 28,970 F/A()

44.097 C 1 c(1 +F/A)
ElH/C -28,970 F/A (10)

46.008 %0I (1 + F/A)

El x(11)No 28,970
x

The volumetric concentration (C) in parts per million of NOX
used in the above equation was the sum of NO and NO2 as meas-
ured by the NDIR and NDUV instruments.

TABUE XX.- FUEL CONSAkft FOR*CALCWLAUN OF COMSTR1O
EFTlICY AND FUELAIR RATIO

Fuel Constants

fuel AJC

JP-4 263,1070 0.10154 0.9910

Propane 292,936 0.10655 1.3334



* Emission deasurement vslem

Host of the emission mensure.ments were made on-line using the
following instruments. 7

gamipe Instrument

Carbon monoxide (CO) Beckman Model 315BL NODIR
(0-100 ppm to 0-5000 ppm)

Carbon dioxide (C02) Beckman Model 315B NDIR
(0-5% and 0-25%)

Oxygen (02) Beckman Model 715 Electrochemical
(02) Transducer I

(0-5% and 0-25%)

Nitric oxide (NO) Beckman Model 31SAL NDIR I
(0-150 ppm to 0-1500 ppm)

Nitrogen dioxide (NO2) Beckman Model '55 (long path) NDUV(0-100 ppm to U-2500 ppm)

Total nitrogen oxides (NOx) Air Monitoring Inc. Chemilumines-cent Analyzer with NO converter
(0-1 ppm to 0-1000 pp)

Unburned hydrocarbons (H/C) Beckman Model 402 THC Analyzer
(rID)
(0-2 ppm C3 to 0-10,000 ppm C3)

Smoke SAE-ARP 1179 system

The on-line emission analysis system is unique in design and
instrumentation. The system consists of two units: an
analyzer console and a control console. To maintain minimum
sample transport time, the anflyzer console is located in the
test cell. The analyzer console, shown schematically in
Figure 33, contains the actual gas analysis instrumentation
and is electronically connected to the amplifier/readout units
in the control console located in the control room (Figure 31).
In addition to the readout urits, the control console provides
flow control to the analyzer and the sample bypass.

The gas sample line from the test section to the analyzer con-
sole was Teflon-V 'd, stainless-steel tubing heated to 375"F.
Suitable filters, -ondensers, and driers were provided in the I
'ilalyzer console to assure accurate measurements.
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The on-line instruments were ilibrated through the use of
calibration gases. Gases were available to provide normally
five calibretion points per analyzer range. The actual gas
concentrations were determined by the vendor and cheeked
by the DDA Physical Chemistry Research Sectio-a.

The major problem eicountered in the operatiozL of the o -line
instruments occurred with the AMI, Chemlumineacent N.Ox in-
strument. Its operation was not reliable, and during many
of the tests it was not used because it was being modified., or repaired.

in addition to the on-line emission instruments, grab samples
were obtained and analyzed by the modified Saltzman technique
to determine NO . This wet-chemical procedure was devel ped
originally as aXolorimetric microdeterminatio. of th,. con-
centrations of NO2 in the atmosphere. It has been adapted to
exhaust gas measurements by allowing the complete oxidation of
NO to NO2 prior to analyiis. The standard Saltzman reagent
was usedand the results were analyzed with a Beckman Model 5
spectrophotometer.

TVwee systems were thus used in this program to measure the

NOx emissions. Based u.Km experience in this program, it was
concluded that above 20 pPm of NOx, the NDIR plus NDUV instru-
ments gave the most accurate data; below 20 ppm, the modified
Saltzman technique is the most relinble, accurate method.

.T63 Combustor Test Rig

All the combustors in this program were tested in a T63 combus-
tor test rig as shown in Figure 34,which exactly simulated the
flow path and dimensions of the T63-A-SA engine. The inlet air
feed arms, outer combustor case, and turbine inlet section pieces
were actual T63-A-SA engine components.

In the early experiments in this program, the emissions were
measured in two axial locations. The first location was at
the turbine inlet section as shown in Figure. 35. Thirty-two
ports were provided as shown in Figure 35, to sample the com-

* bustor exhaust gas. These consisted of eight probes installed
at equally spaced, circumferential locations, and each of the

*eight probes had four ports locaeted radially to provide equal
area sampling. The thirty-two ports all fed into a coenon
manifold external to the rig. From the common manifold, the
gases passed through the heated gas sample line to the analyzer
console. In addition to the gas sample ports, the turbine in-
let Instrumentation plane,as shown in Figure 35, contained two
combustor outlet pressure probes, twenty-one C-A thermocouples,
and four engine thermocouples.
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Figure 35. Combustor Exhaust Instrumentation
at Turbine Inlet Section.
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In audition to the instrumentation plane at the turbine inlet,
a gas sample plane, as shown in Figure 36, was located 8 inches

*downstream from it. This downstream instrumentation plane
contained four probes with four ports in each probe. The

* probes were equally spaced on the eircumference, and the ports
were located on the radius to provide equal area sampling. In
addition to the four probes, an isokinetic probe, as shown in
Figure 36, was installed in the center. Test results obtained
in this program showed that the emissions measured in the tur-
bine inlet plane were essentially the same as those measured
at the downstream location. Therefore, the downstream
gas was-not sampled in subsequent experiments. The fact
that additional carbon monoxide and hydrocarbon reactions did
not occur with the additional residence time was due to the
relatively low c.-mbustor outlet temperatures of less than
19006F.

During the program, the turbine Inlet centerbody was modified,
as shown in Figure 37, to install a quartz window. A part-
scope was then installed as shown in the figure so that theflee could be watched during the tests. As shown in figure 38,
the viewing path was directly upstream into the combustor.
The centerbody installation was designed for rapid, easy
replacement of the quartz window. Another design feature
was that the window was swept with air to avoid deposit
buildup during the experiments. This air was turned off
prior to making any emission measurements. An interesting
observation during the program was that even without-any air
on the window, it remained free of deposition and erosion
when smoke-free, low-emission combustors were tested. On
conventional and other high-emission combustors, the quartz
window was pitted (eroded) and dirty after the experiments
and required frequent replacement. Therefore,. it is specu-
lated that a low-emission combustor will provide longer-life
turbines.

8.



fivuw 36. Combustor Exhaust Instr~wntation 8 Inches Downstream.
Of ?uftln* Inlet Seation Xatrumnttion.
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Baseline Combustor

The nonregenerative3 T63-A-5A gas turbine engine combustor liner was
the baseline combustor liner used on this contract. It was against
the emissions measured on this combustor liner that all low-emis-
sion combustor liners were compared. A photograph of the baseline
T6 3 liner is shown in Figure 39. The standard T63 production combustor
system consisted of a dual-orifice pressure atomizing fuel injector
located In the center of the liner dome, a cap~.citive discharge
spark Igniter located in the liner dome 1.25 Inches off the liner
axial centerline, and a "caln" type film-cooled combustor liner.
The T63-A-SA combustor linershown In Figure 3%, is 9.56 inches
long overall. The liner has film cooling In the dome, one film-
cooling annulus at the dome exit. and one final film-cooling
annul us of Identical gaometry located 1.*83 Inches downstream of
the first film-cooling annulus. Liner hole sites and locations are
suummarized in Table XXI. Using the dimensions in Table WXX
the resulting liner airflow splits; based upon effective areas
through the liner are tabulated In Table XXII.

The. similarity. between T63. engine .measured emissions and test rig
measured emissions is shown In the comparison curves In Figures 40
through 42 .for CO, CX)LJ, and 0,,. For particulates the wess
generation rates were pl6to Insead of asoke index* see Figure '43.
In general, the engin hydrocarbons and particulate* were somewhat
higher than the levels measured on the combustion rig, but carbon
monoxide and nitrogen oxides were slightly lower. Comparing the,
emission :index values computed from these emission conentrations,
Table XXIII. the total emissions from u~ngint and rig measurements
were nearly identical: 32,933 lb/10OO lb fueol for the engine and
32.94.S lb/1bOO lb fuel. for the rig test.

The baseline T63-A-SA-combustor liner was tested at ?63 regenerative
engine conditions as well as at the convontlonal or boaregenrativo
conditions . The emissions MeasUred during these tests a"e presented
In Table XXIV along with pressure loss'and temperoture profile
results. These data, plotted "in Figures '44 through '47. shoW
that, opertng at the higher reaction &one twertures of the
regenerative combstor codditions,, the.baseline T63 cvmbastor liner

prouce cnsierblyles CO. ~y and prticulates but more NWx
emission$*-

Using the emiss on data frm Table XXIV And Figures #44 through
47, tbV L(I duty cycle emission* inde for the baseliuw ombustor
liner at nonregnaratIve and regenerative operating conditions weft
cmputed. T c onstituent and total emission Index values are

*swmawised toTabl# XXV along with the average fuel flw retes
required for the LMt duty cycle. on a total me"s basis, the base-
line covibstor produced an average of '4.63 lb/hr of total emissions
at nonregenerative combustor operating oondItionst but only 2.21
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TABLE XXI. T63-A-SA LINEM - DESMN SUMMARY

6.~0

! Axial
i LocatiLon

From Dome Liner Type Num- Size
• item Exit (in.) Die. (in.) Opening bet (in.)

SDome Cooling 1.74-4. 66 Holes 54 .203 din.

first Cooling .0 5.31 Slots 22 .39 x .10il Annulus

SPrimary .1.40O 5-31 Holes 6 .562 dig.
:6 •.500 die.

~Second :ooling
Annulus 1.83 $.31 Slots 22 .39 x .10 "

Trim 2.89 5.S2 Holes 14 .375 die.

Dilution 4.14 5. 70 Holes 2 1.250 dia,

Exit 8.19 6.21 - -

T,%= XXII. ASELIN. T .3-A- $A .CR AIRFLOW
* AREA SLIT

Inlet Air Locetion Airflow' krea Split %

Dome Holes U.8
;' £1~frst Cooling Step .2

Priasry Moles 26.4

Secont Cooling Step 1.

rI Holes .

DIlution Holes 24.2

,- 90
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TABLE X0III. COM4PARISON OF T63-A-5A ENGINE AND
COMBUSTOR RIG EMISSIONS FOR THE LOH
DUTY CYCLE

T63 Combustor Ri&_ T63 Engine
Eission lb/bOOO lb Fuel % l100 lb fuel %

Cl .544I 100 2.467 160

CO 26.0941 100 25.784 99

N 5.068 100 4.118 81I

Particulates .239 100 .5614 236

ITotal 32.945 32.933
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TABLE XXIV. COMPARISON OF T63 BASELINE LINER EMISSIONS/COBUSTOR
PERFORMANCE AT (1) NONREGENERATIVE AND (2) REGENERATIVE
COMBUSTOR OPERATING CINDITIDNS

I. Conventional Liner-NonregenerStiveConditions Cycle Point

A. Emissions 1 6 5 4 3 2

C0, PPM 892.7 651.5 495.5 382.9 214.1 74.7

H/C, PPM 100.0 37.0 15.8 4.1 0.7 0.6

NO1x PPM (On-Line, NDIR & NDUV) 17.0 32.0 41.1 45.6 58.0 81.0

NOx, PPM (On-Line, CL) 17.2 23.4 32.6 40.7 56.3 80.6

NOx, PPM (Saltzman) 18.5 27.8 37.1 45.8 61.3 90.6

Smoke Number 3. 7. 12. 17. 25. 30.

B. Presrure Loss (%) 4.63 4.51 4.53 4.44 4.38 4.14

C. Temp. Profile (Tax/Tavg) 1.115 1.142 1.120 1.113 1.104 1.065

II. Conventional Liner-Regenerative
Conditions
A. Emissions -,,

CO, PPM 346.2 242.5 196.8 142.9 85.8 38.0

H/C, PPM 8.8 2.6 1.6 1.5 3.3 1.5

NOx, PPM (On-Line, NDIR & NDUV) - - - -

NOx, PPM (On-Line, CL) 27.0 33.6 39.4 53.8 75.8 102.9

NOx, PPM (Saltzman) - - - - - -

Smoke Number 2.00 .83 1.35 2.05 4.50 2.50

B. Pressure Loss (%) 6.50 6.52 7.00 6.85 G.27 6.64

C. Temp. Profile (Tmex/Tavg) .076 1.085 1.079 1.063 1.065 1.050

I i -
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Ibnregentrative Regenrative
Emission Combustor Conditions Combustor Conditions

AI Y.4' .378

CO 26.094 13.804

5O .068 8.412

F'Particulates .239 .040

Total 32.945 22.634

AverageI Na4J flow 140.65 lb/hr 97.614 lh/hi'
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lb/hr of total emissions at regenerative conditions, based on the
LOH duty cycle.

The conventional T63-A-5A combustor baseline test was the first com-
bustor operation in the T63 combustor rig located in the DDA Research
Laboratory Combustion Test Facility. Toward the end of the contract
a baseline combustur retest was conducted on the test rig with a
different production T63-A-SA liner and a different production fuel
Injector. Certain constituent emission levels from this baseline com-
bustor test differed substantially from the missions from the Initial
test. Investigations after this baseline retest showed that the liner
net production tolerances,, but the fuel injector produced an unaccept-
ably laege variation in cirumferential flow distribution. A new fuel.".Injector wa obtained and flowbench tested, verifying that Its er

formance was within specifications. Using the new fuel Injector,
second retest of the conventional T63-A-SA combustor baseline was con-
duated. Comprison curves for the exhau1 emissions ,coduaed during
thq Initial baselis- T63 combustor test and the second retest are-
plotted In Figures 48 through 51. Carbon monoxide and hydrocarbon
emissions in Figures 49 and 48 repeated quite well. The nitrogen
oxide emissions plotted in Figure 50 showed a definite decrease in
the retestl0x concentrations at each operating point.

By far the greatest differences were observed in the measured smoke
numbers, see Figure 51. The recorded smke/particulates from the
retest were ever l times higher than the initial test values at all
operating. conditions. Tsble XXVI sumaries the emission index

. .. values computed for the Initial test .data (11//71) and the second
retest data (7/31/72).

*There were no conditions in the test rig, the test procedure, or
* the oombustor har he that would explain the change in WIK and woke.

rue pod mpeatability of the CO and Czur emislons supports the con-
tention -that there were no major mechaalOal or suodynamic differences'
between the tested ombustors. Sinc the IniLal test Wrn GDoted -
In the late fall and retests were onducted in the seMMer, the effect
of seasonal differences on the combustor inlet air or QhWges In the
fuel during the interim might have explaine the hang s in W0x and
seeke. All obustor testing on this contract was performed with
JP-I fuel. MW ODA Test Department had conducted mission measure-

tmet on another engine using JP-S fuel, also in the winter and
summr, and had observed similar differences in Ox and smoke between
the seasonal tests. It was therefore discounted that changes In fuel
had caused the differe e in I and smoke. I
It Is known hat water vPoW has a significant effect on nltric oxide
missions. 3 With this phenomenon in mind, relative humiditiee
for the test dates of the baseline combustor were obtained from DDO
Facilities Department records and absolute atmospharic humiditles
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TABLE XXVI. EMISSION INDEX SUMMARY FOR
CONVENTIONAL T63-A- SA COMBUSTORS

Emission Constituent

, Particu- Total

v Test Date CxHy CO NOx  lates Emission.,

Actual Emission Index (lb/lO00 lb Fuel

11/9/71 1.544 26.094 5.068 .239 32.945

5.189 33.066

7/3i/72 1.323 25.080 4.241 1.100 31.744

4.881 32.384

Relative Emission Index (% 11/9/71 Levelsl

11/9/71. 100 100 100 100 100

102 100

7/31/72 86 96 84 460 96

96 98

First NOx Line is for On-Line NDIR + NDUV.

Secorid NOx Line is for Saltzman.
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experienced during each teat were determined. It was found that the
atmospheric absolute humidity during the initial baseline test was
approximately 0.4% and during the second retest approximately 1.0%.
The trend of N0x decrease with increaaing moisture content agrees
with the predictions published by Hoore.5 2

"SAlthough the fact remains to be proven in a controlled test,
combustor Inlet moisture content may have a dimaet effect on
the smoke generated by a combustor liner. It Is difficult to
accept that the sole cause of the observed smoke Increase in base-
line retests was a small increase in moisture content of the inlet
air- Future testing should be conducted with this observation in
mind, and inlet combustor air moisture content should be measured
in addition to the standard inlet parameters

Additional information concerning the conventional T63-A-SA combus-
tor liner is presented in Appendix I.

10
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Evaluation of Preliminary Combustors

IThe following seventeen combustors, each incorporating one or more

selected low-emission concepts,were designed, fabricated and tested
to obtain preliminary emission performance data:

" Extended Length!

* Rieh Primary Zone

Air Blast/Air Assist

Variable Geometry

Early Quench
i " Delayed Dilution

I " Delayed/Annular Dilution

* Premix Cup/Gaseous Fuel

* Plug Flow/Canted Primary

0 Tangential Swirl

* Swirl Dome

" Rich Premix/Swirl

Pepper-Pot Dome

V Delayed Quench

• Premix/Prevaporization

* Prechamber

* Optimum Primary

The detail designs and experimental results for the above combustors
are presented in Appendix II. In addition, the referenced ODA

reports present even more details on each of the combustors.

The approach in this phase of the contract was to obtain a low-cost,
rapid evaluation of each of the low-emission eoncepts. The best con-
cept or concepts would then be designed -into the final configure-
tion(s) as discussed in the next section and Appendixes III and IV.
The final concepts would be the ones spec-fically designed to meet
the contract objectives using the inforiation and technology ob-
tained in this program phase.-
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All seventeen combustors had the same nominal diameter of 6.21
inches at the exit. The combustors were of two different lengths.
Some of them were the conventional T63-A-SA length of 9.56 inches;
the others were nominally 6 inches longer, or 15.56 inches in
length. In the above list .of seventeen combustors, the following
four combustors were the conventional length:

Rich Primary Zone

Air Blast/Air Assist

* Delayed Dilution

Delayed/Annular Dilution

_ The longer liners were selected to provide additional length to
separate the primary, trim (intermediate), and dilution zones to re-
duce the problem of intermixing between the zones.

_._ The low-emission concepts incorporated into each of the combustors
are summarized in the following listing.

Combustor Low-Emission Feature(s)

Extended Length Increase residence time in the inter-
mediate zone to consume the CO, C H,
and carbon with only small increase& in
NOx and thus reduce total emissions
significantly.

Rich Primary Zone Increase the primary zone equivalence
ratio from conventional 0.77 to 1.0 and

,. thus reduce the CO and CxH. with an
increase in NOx particulat s.

Air Blast/Air Assist Reduce fuel-rich rockets encountered
with conventional pressure atomizing
fuel injection and thus reduce parti-
culate levels with only minor changes
in other emissions.

Variable Geometry Control the primary-zone fuel/air ratio
to the optimum for minimum emissions
over the WH duty cycle, engine
operating conditions, thus reducing

CO and C H at low power and NOx
and parttcklates at high power. The
primary zone equivalence ratio at maxi-
mum power could be varied from 0.466 to
1.54 compared to 0.77 for the conven-
tional combustor.
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Combustor Low Emissloln Feature(s

Early Quench The primary holes were moved closer to
the dome to reduce the primary-zone
residence time. Reduction of time at
high temperature should reduce the lOx.

belayed Dilution Same concept as "Extended Length" com-
bustor except somewhat less residence in

I the intermediate zone than the "Extended-
Length" liner but more than in the
T63-A-SA conventional combustor.

Delayed/Annular Same emission reduction concept as the
Dilution "Delayed Dilution". An annular dilution

zone was incorporated to Improve exit
temperature profile.

Premix Cup/Gaseous Fuel Incorporated four features: (1) fuel
prevaporization, (2) fuel-air premix,
(3) well-stirred reactor in primary
zone, (4) rapid conversion to plug flow.

Plug Flow/Canted Well-stirred (mixed) primary to provide
Primary homogeneous combustion and rapid conver-

sion to plug flow to consume the CO,
CxHy and carbon.

Tangential Swirl Improved mixedness in the primary zone
by setting up strong recirculationi loop
in the primary zone by injecting the
primary air tangentially on the wall at
*5 upstream direction,thus reducing

hot-spot (zone) temperatures and NOx.

Swirl Dome Swirl improves the mixedness
and reduces the local hot-spot
temperatures in the primary zone, thus
reducing the concentrations of NOx .I Rich Premix/Swirl The same low-emission feature as the
"Swirl Dome" except a premix cup was
used vo mix the fuel/air and partially
vaporize the fuel prior to the main
reaction zone. This would improve the
flame homo&eneity - reduce hot spots -
and therefore reduce emissions. Addi-
tional features were fuel-rich (O-2.0
at max. power) operation In the premix
(precombustion) cup and convection
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Combustor Low Emission Feature (Sl

cooling instead of film cooling. The
latter feature would eliminate the quench-
ing of the CO, CxHy and C reactions in
the. coolant film.

Pepper-Pot Dome Establish small-scale recirculation with
rapid.conversion to plug flow. Task 2
reaction kinetic studies had shown this
would be an ideal condition for minimum
CO, CxHy .and NOx emissions. Convection
eoolig.in the primary zone instead ofI •film cooling.

Delayed Quench Just opposite to the "Early Quench", the
primary holes were moved aft to increase

... primary-zone residence, which should re-
duce CO and CxHy but increase NO.. Thus
the optimum axial location of the pri-
mary holes could be defined for minimum
emissions.

Premix/Prevaporization Premix/prevaporization prior to the pri-
mary-zone reaction should improve the
combustion-zone homogeneity and avoid
fuel droplet combustion and the high,
localized temperatures associated with
droplet combustion.

Prechamber Same low-emission features as the
"Premix/Pre vaporization" combustor
except that the prechamber has swirl to
entrain some of the combustion reaction
products to assist in the prevaporization
of the fuel. This feature is necessary
to provide prevaporization at low combus-
tor inlet temperatures below the fuel
vaporization temperature.

Optimum Primary The concept was to replace the conven-
tional twelve holes in the primary sec-
tion with six holes in a symmetric pat-
tern with the same total hole area.
Analytical studies indicated that the
optimum number is six for maximum pri-
mary zone mixing and recirculation thus
reducing emissions by attaining more
uniform comi;ustion.
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The seventeen combustors listed above were tested at primarily the
T63-A-SA non-regenerative combustor operating conditions pre-
sented in Table IV. As shown in that table, six steady-state operat-
ing conditions were defined from idle through maximum power. Most
of the above-listed combustors were tested at all six conditions,
but a limited number of combustors were tested at fewer sets of
conditions due to combustor operational problems. However, some of
the combustors such as the "Variable Geometry Combustor" were tested
at many variable-geometry settings and at both nonregenerative and
regenerative conditions. Furthermore, some of the seventeen combus-
tore were modified and retested.

Sixteen of the combustors were tested with JP-4 fuel; the other
combustor, "Premix Cup/Gaseous Fuel, was tested with gaseous pro-
pane.

The experimental results from the seventeen preliminary combustors
are presented in Appendix II. From the experimental data as pre-
sented in Appendix II, the total emission indexes were calculated
for the seventeen preliminary low-emission combustors. The calcu-
lations were made for the previously defined LOH duty cycle and the
T63 nonregenerative engine. These emission indexes were then com-
pared with the baseline T63-A-SA combustor as shown in Table XXVII
to determine relative potential for meeting contract emission
reduction objectives. These objectivesas previously defined are to
reduce the total emissions 50% without an increase in any individual
emission. As shown in Table XXVII , eight of the preliminary
combustors met the 50% total emission reduction objective but only
the "Prechamber" combustor met the second objective of no increase
in the individual emissions. However, a combination of some of the
separate low-emission features in the seventeen preliminary combus-
tore could be combined into a combustor to meet the contract objec-
tives. This in fact was doneand two final combustors were selected
from this preliminary evaluation for experimental testing. These

* were the "Prechamber" and "Modified Conventional". The
* "Modified Conventional" incorporated four of the low-emission

features from this phase of the program. These features were
air-blast fuel injection, variable geometry, delayed dilutionand
convection cooling. The design and experimental evaluation of these
final low-emission combustors are discussed in the next section.
However, before proceeding to the discussion of the final combustors,
a brief disucesion will be presented on the preliminary low-emis-
sion combustors.

Two of the combustors, the "Extended Length" and "Delayed Dilution,"
were designed to increase the residence time in the intermediate t
zone - the zone between the primary holes and dilution holes.
The intermediate zone length was 1.5 inches, 7.5 inches, -nd 11.1.
inches for the T63-A-SA, "Extended Length" and "Delayed Dilution"
combustors. The total respective lengths for the combustors were
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TABLE XXVII. 8EL.'TIVE X SSI! INDEX PEtRO8 NCE OF
P2ELINIX Y VW-841SION SE=

R£LATI: £,,ISION fbg2LX

CxHy Ci Nox  PARTICU- TOTAL CYCLE

CLIWSTOR Y LATES EMiISSIONS POINTS

T63-A-SA Bateline 100 100 100 100 La0 S

Extended Length 44 33 124 14 48 5

Rich Primary Zone 6 65 110 321 73

Air Blast/Air Assist
V"" DA Air Blast 136 O 10 8 isH 10 6 S

Blast 155 100 87 36 100

-x-Cell-O Air
Assist 216 102 73 74 103 5

Variable Gvoetry

" Constrained 3S ib 103 22 62

,nconstrained 20 32 121 29 45 5

Early Quench 24R 70 128 74 84 4

Delayed Uilution 65 54 94 41 62 s

Delayed/Annular
Dilution 77 (In 91 16% 66 5

Premix Cup /aseousFuel 1300P 211 Usl a 440

Plui Flow/Canted
Primary

* Initial Design' 3.15 108 100 181 11 5

* Mod. "A" S1 47 li) ;09 63 5

Tanienti1o Swirl 1180 88 10 17,090 28S 8

Swo. '.i",#, 2 liV 111, 1#% 47

iich Premix/SwirI 1 I1 121 5M am

Pepperpot Lom 24 14 11 1 4q 5

LKlayed Queach l4 "a2 IO'l ;l '-

I'remi/previp. lob 50 O0 a st. I

pechalemter

* Initial Design 12 17 s0 0 41 le

S111cther ilrt.ary $2 all 70 1) '1 id

Optismum Primary 27 29 12b il 414

a No data taken

b Adlusted tivsigin point

u IaseJ ll etrapulaed data tar idle anti As&. polor
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9.56 inches, 15.56 inches, and 9.56 inches. There was a signif-
icant effect on emissions by changing the intermediate zone length.
The emission data in Table XXVII shows that the total emissions
from the T63-A-SA combustor could be reduced by 38% by the simple
modification of moving the dilution holes. This was accomplished
within the same total combustor liner lengthand there was no
increase in any of the individual pollutants. A further reduction
in total emissions was obtained by increasing the intermediate zone
length to 7.5 inches, but to achieve this the total liner length
was increased 6 inches.

The effect of enrichening the primary zone in the "Rich Primary
Zone" combustor was as predicted. The conventional T63-A-SA
operates at 0.77 equivalence ratio in the primary zone at maximum
power. Increasing the primary zone equivalence ratio to 1.0 caused
a decrease in CO and CxHy but with a corresponding increase in ?4 x
and particulates. The total emissions were reduced 27%.

The main advantage of the "Air-Blast/Air-Assist" fuel injectors was
a reduction in smoke. In general, the hydrocarbons increased and the
CO styeo approximately the same. The NOx decreased slightly due "to
reduction in reaction (flame) temperature and improved homogeneity.
Therefore,if air-blast or air-assist fuel injectors are compared
with high-performance pressure atomizer fuel Injectors, the princi-
pal payoff in emissions will be reduction in smoke. The total emis-
sions as shown in Table XXVII may actually increase.

There was only a small reduction in total emissions from the
"Variable Geometry" combustor for the selected LOH duty cycle. The
total emissions were reduced only 6% compared to the same length
combustor ("Extended Length"), shown in Table XXVII. This 6%
reduction compares to a predicted reduction of 12% in Task 2. This
small payoff is unique to the selected LOH duty cycle. If another
duty cycle In selected, the emission reduction would be much greater.
For example, if a duty cycle is selected which operates 50% of the
time at idle and 50% of the time at maximum power, the following
emission reductions are obtained from "Variable Geometry" ts com-
pared to the same length, "Extended Length", combustor:

CxH ................. 61% reduction

CO ------------------- S% reduction

NOx ..... w ----------- 17% reduction

Total Emission -------- 38% reductionI.

Even more dramatic would be a duty cycle in which the only emission
control requirements are CO and CxH¥ at idle power and NOx at maxi-
mum power. For this type of operation, variable geometry reduced
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the CxHy by 67%, the CO by 58%, and the NOx by 25%. These reductions
were compared to the "Extended-Length Combustor", which already had
significantly lower emissons than the conventional T63-A-SA combus-
tor. Compared to the conventional T53-.",-SA, the "Variable-Geometry"
combustor reduced the CxH. by 84% and the CO by 77%. However, the
NOx increased by 11% due lo the longer residence time at intermediate
temperature. Variable dilution geometry can be adapted to any combus-
tor tested during thi program. The fixed geometry combustors which
produced substantial emission reduction, such as the "Rich Premix/
Swirl" and the Prechamber combustors, could have variable geometry
added to the dilution zone and realize further emission reductions.

The effect of the axial location of the primary holes was investi-
gated in two combustors. In the "Early-Quench" combustor, the pri-
mary holes were moved forwprd 0.64 inches; in the "Delayed Quench"
combustor, the primary hoies were moved aft 1.10 inches. Except for
these changes, they were both exactly the same as the "Extended-
Length" combustor, and the data should be compared with it. As shown
in Table XXVII, the total emissions increased by moving the primary
holes either forward or aft. Therefore, the optimum axial location
was approximately that of the conventional T63-A-SA combustor. This

. optimum axial location was approximately one primary zone radius f

downstream from the dome. The axial location of the primary holes
does have a significant effect on the total emission and on some of
the individual emissions, as shown in Table XXVII, and it is impor-
tant. to establish the best axial location for the primary holes in
low-emlssion combustora.

One of the combustors, "Optimum Primary", was designed to Investigate
the effect of the number of primary holes. Analytical studies had
predicted that the mixing and primary-zone recirculation would
improve by using six primary holes instead of the twelve primary
holes used in the conventional T63-A-SA. The "Optimum-Primary" com-
bustor was tte same as the "Extended-Length" combustor except that
the "Optimum-Primary" combustor had six .primary holes instead of
twelve. As shown in Table XXVII, there was a small reduction in total
emissions of 8% compared to the "Extended-Length" combustor. There-
fore, the number of primary holes does have a small effect, but it
is not as significant as the axial location of the primary holes.

Four of the combustors incorporated various design approaches to pre-
vaporize the fuel and premix the fuel and primary air. These four
were: "Premix/Prevaporization", "Rich Premix/Swirl", "Premix Cup/
Gaseous Fuel", and "Prechamber." As shown in Table XXVII, the "Pre-
chamber" was the beat of these, followed closely by the *Rich Premix/
Swirl" combustor. Theoretically, the premix/prevaporisation combus-
tors should offer the best emission reduction potential of any of
the concepts tested in this program. Although they did not attain
the quantitatively predicted reduction, a significant reduction was
demonstrated, and the reduction was better than it vas with any of
the other concepts. The main problem with these systems is to design
a practical system to vaporize the fuel at low combuator inlet team-
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peratures. Two potential solutions are to (1) recirculate some of
the combustion reaction &ases either int~rnslly or externally to
increase the average inlet temperature or (2) prevaporize the fuel
by indirect heat exchange such as an imersed fuel line in the pri-
ary zone. The best approach tested was the "Prechamber", which
internally recircultes some of the combustion reaction gases.

Four Combustors designed to provide intense primary-zone mixedness,
recirculation, and rapid conversion to plug flow were:

"Plug Flow/Canted Primary"

a i "Taigential i-ll"
~"Swirl Dome"

' I "Pepper-Pot Dome"

The analytical studies in Task 2 had shown that intense recirculation
ewith rapid onversion to plug flow should reduce the emissions. How

everi ths Is difficult to achieve In practical, lotw-pressure-loes
systm. Two of the four systems of-this type tested In this program
showed some potential. These were the "Plu Flow/Canted Primary" and

uthe "Pepper-Pot Dome" combustors. As shofn in Table XXV11, the Pepper-f Pot Dome" Aombustor had the least smoke (particulate iof any of the
e mseventeen combusthrs exept the "Preohamber" ombustor. Further
development of these two approaches would probably lead to further
reductions in the emissions. However, other concepts such a the
"prch ber" demonstrted gester potential in these preliminsryexperiments. Development. of more. than two concepto was beyond t he

scope of this prorbm.
"Another low-emission feature incorporated Into severl of the comn-

bustors was convection cooling instead of the conventional filmcoo ig Although this feature was not Investigated independently.

B pexperirents in other lop-emission prograsm t D f have shown that
othe O CxHyo and partculate emissions are reduced by the aelmina-
eution of fI. ooline . ith e fl scooling, the 0, CxHand C oxide '

in whicmdctions cul bnte fimae coentionr.lThis basmorsever

a hproblem in annular ombustors thaen In the can combustors ested in

1 tion petials hutn in il rheqirecoin i.hsI more deeomntts.T edeige

l~ithis progra. In annular combustors, it will be even more important
to use convection cooling instead of film cooling to obtain low

.. emissions.

[ Based upon.the, experimental results in this phase of the program,
!. two combustor approaches were selected for final design and experi-

. mental evaluation. One of these represented "near-ter" potential
~In which modifications could be made to conventionl combustors,

. and the other approach ("Prechmder") offers greater emission reduc-
I tion potential hut It will require more development time, The design,

fabrication, and experimental evaluation of these two final combus-
tore ("Modified Conventional" and "Prechamber") are discussed in the
next section of this report.
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Evaluation of Final Combustor

Two final combustor configurations were selected from the test re-
sults of the seventeen preliminary combustors evaluated during the
first part of Task 3. These two final combustors were identified
as the Final Prechamber Combustor Liner and the Final Modified Con-
ventional Combustor Liner.

Final Prechamber Combustgr Liner

Two of the preliminary low-emission combustor concepts which
showed substantial emission reductions were the Rich Prmix/
Swirl Combustor Liner and the Prechamber Combustor Liner. Both
of these combustors utilized a premix cup with a swirl dome,. a
sudden expansion into the reaction zone, convection cooling of
the reaction zone, extended overall length, and delayed dilution.
One fundamental difference between these two preliminary liners
was the method of fuel injection. The Rich Premix/Swirl Combustor
used a conventional T63 pressure-atomizing fuel injector, cen-
trally located in the swirler dome of the premix cup. The Pre-
chamber Combustor injected the liquid fuel onto the inside wall
of the premix cup or vaporizer tube and relied upon the high-
velocity swirl air and combustion heat to vaporize the fuel off
the wall. "

Being quite similar in several respects,, these two pem.ix cup
preliminary combustors were combined into a single final design
combustor called the Final Prechsmber Combustor Liner. As can
4e seen in the photogroph In Figre 52, both the.pressure
atomizer and the well fuel-,11m injection methodas .were incorpor-
ated into the. premix cup or vaporizer tube dome evd of the liner.
The overall length of the Final Prechamber was reduced fro, the
preliminary combustor length to be only 3 Inches longer than the
conventional T63 combustvr. This-reduction in length was obtained
by reducina the oombustop length between the reantion-sone raw of
holes and the dilution row of holes. The reection-zone liner de-
meter was increased from S.30 inches to 6.34 inches to provide.
more combustion vlume and to Increste the inlet air veloefry
between the liner and the outer combustor case to create r eon-
vecton cooling region along the liner teaction zone. Delayed
dilution was retained for consumption of the carbon monoxide,
hydrocarbons, and particuiates.

A series of modifications on the Final Prechamber Cowbuatoi was
made in an attempt to further reduce emissions and improve combus-
tor performance. These modifications are sumarized in Table
XXVIII. The first rework of the Final Prechomber was to
remove l.SO inches of axial length from the vaporizer tube and to
add 1.50 inches dznmtream of the dilution holes, see Figure 53.
It was intended that the reduction in the vaporizer tube length
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TABLE XXVIII. FINAL-DESI'GN PRECHAMBER COMBUSTORS,

DESIGN SUMMARY

Initial Mod. Mod. Mod. Mod.
Design Parameter Design "A" "B" "C" ""

Hole Size (inches)

Fuel Film Injector (16) .013 .013 .021* .021 .021

Reaction Zoni (12) .360 .360 .297* Closed* Closed

Dilution Zone (6) 1.344 1.344 1.310* 1.310 1.310

.ength (inches)

Overall 12.670 12.670 12.670 12.670 12.670

Vaporizer Tube 4.445 2.945' 4.500* 4.500 4.500

Vaporizer Tube-
Reaction Holes 1.500 1.500 1.400* l.400 1.1400

Reaction Holes-
Dilution Holes 3.730 3.730 3.730 3.730 3.730
Dilution Holes-Liner End 2.100 3.600* 2.100* 2.100 2.100

Diameter (inches)

Swirler I.D. 1.670 10670 2.410' 2.410 2.410

Swirler 0.D. 2.960 2.960 3.680* 3.680 3.680

Vaporizer Tube ID. 3.080 3.080 3.800' 3.800 3.800

Reaction Zone o.D. 6.340 6.340 6.340 6. PPW 6.340
Dilution Holes I.D. 5.640 5.640 S.640 5.640 5.640

Exhaust 0.1. 6.210 6.210 6.210 6.210 6.210

Fuel Injection "ode Tested

Pressure Atomizer Yes Yes Yes NO* NO

Wall Fuel Film Yes Yes Yes Yes Yes

Vaporizer Tube Centerbcdy NO NO NO NO Yes*

*Indicates change from previous design.
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would allow more combustion gases to be pumped up the swirl
vortex and be mixed with the swirler air. The increased vapor-
izer tube recirculation-would then raise the air-combustion gas
mixture temperature and provide better fuel vaporization of the
wall fuel film. The added length downstream of the dilution
zone was to allow additional volume prior to the combustor exit
for improvement of the exhaust temperature profile. This version
of the Final Prechamber combustor liner, Modification "A", pro-
duced the best erission performance with acceptable combustor
performance of all versions operated on the pressure atomizer
fuel injector.

Because the first two versions of the Final Prechamber combustor
* liner failed to operate satisfactorily on wall fuel film injec-
* tion, the combustor progressed through a major redesign and two

minor modifications, resulting in Modification "D". This Final
Prechamber combustor configuration was judged to be the best over-

. all version operating on the wall fuel film injection system.
The changes made to the Final Prechamber combustor from Modifica-
tion "A" through Modification "D" were the following:

1. The vaporizer tube section was completely redesigned to
increase the swirler airflow, increase the swirler hub-
to-tip diameter ratio, and increase the vaporizer tube
length.

2. The wall fuel film injector orifice diameters were in-
creased from 0.013 inch to 0.021 inch.

3. The airflow through the reaction zone holes was

eliminated.

4. An aerodynamic centerbody was added at the swirler hub.

External and internal photographs of the Final Prechamber Modifi-
cation "ID" combustor liner are presented in Figures 54 and 55.

Each configuration of the Final Prechamber combustor liner was
tested at the six nonregenerative operating conditions. Three
configurations were operated on the centerpoint pressure atom-
izer fuel injector, and all five configurations were operated on
the wall fuel film injection system. Detailed test results for
all of the Final Prechamber combustor tesringare documented in
Appendix III. The following paragraphs will present the data
from the "best" Final Prechamber configuration operating on
pressure atomizer and on the wall fuel film. Emission indeR sum-
maries of each fuel injection mode of the Final Prechamber com-
bustors are presented In Tables XXIX and XXX.

Final Prechamber combustor Liner Modification "A" was the con-
figuration producing the best overall performance for pressure
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TABLE XXIX. EMISSION INDEX SUMMARY FOR T63 BASELINE AND
FINAL PRECHAMBER COMBUSTORS

C Particu- Total

Combustor Tested CxHy CO NOx Ites Emissions

EMISSION INDEX (lb/1000 lb fuel)

* Baseline 1.544 26.094 5.068 .239 32.945

Final Prechamber-
Pressure Atomizer

Initial Design .039 10.608 4.611 .128 15.386

Modification "A" .025 10.292 4.300 .086 14.703

Modification "B" .180 8.415 4.762 .902 14.259

* RELATIVE EMISSION INDEX (%)

* Baseline 100 100 100 100 100

* Final Prechamber-
Pressure Atomizer

Initial Design 2 41 91 54 47

Modification "A" 2 39 85 36 45

Modification "B" 12 32 94 377 43
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TABLE XXX. EMISSION INDEX SUMMARY FOR T63 BASELINE AND
FINAL PRECHAMBER COMBUSTORS

I

CxHy CO NOx  Particu- Total
Combustor Tested lates Emission

EMISSION INDEX (ib/lO00 lb fuel)

Baseline 1.544 26.094 5.068 .239 32.945 1
* Final Prechamber-
Wall Fuel Film

Initial .126 13.247 4.732 .337 18.442

Mod. "A" .176 10.910 4.378 .274 15.738

Mod. "B" 2.077 13.810 4.092 .022 20.001 I
Mod. "C" 2.119 12.834 3.670 .007 18.630

Mod. "D" 1.033 11.947 4.584 .000 17.564 1
I

RELATIVE EMISSION INDEX ()

* Baseline 100 100 100 100 100

* Final Prechamber-
Wall Fuel Film

Initial 8 51 93 141 56 1

Mod. "A" 11 42 86 115 48 '1

Mod. "B" 1j 53 81 9 61

Mod. "C" 137 49 72 3 57

Mod. "D" 67 46 90 0 53
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atomizer fuel injection. The exhaust emissions, pressure loss,
and temperature profile for this combustor are summarized in
Table XXXI. The exhaust emissions are plotted with th-
conventional T63-A-SA baseline combustor in Figures 56 through 59.

Due to a poor exhaust temperature profile at the higher power
levels, this Prechamber combustor could not be operated at 100%
power conditions. As shown in Figure 56, hydrocarbon emissions
remained below 1.0 ppm at all conditions tested. The carbon
monoxide emissions plotted in Figure 57 were very low at idle
and show a slow increase in concentration with increasing power
conditions. Nitrogen oxide emissions seen in Figure 58 were
also below conventional T63 N0, concentrations. The smoke num-
bers in Figure 59 reveal that this combustor produced no smoke
below the 40% power level. It can be observed in Figure 60 how the
temperature profile deteriorated in the Final Prechamber combustor
as the power level increased. Because of this worsening profile,
maximum power data could not be obtained.

4

Total emissions for the Prechamber Modification "A" combustor were
reduced below those of the initial design. Compared to the con-
ventional T63 combustor, the pressure atomizer gave a 55% total
reduction with no constituent increase. Extrapolations of emic-
sion concentrations at 100% power were made to permit the computa-
tion of total duty cycle emissions. Maximum power emissions
accounted for only 5% of the cycle operating time; theseextrapolations, if conservatively made, should not produce mis-

leading total duty cycle results.

The Final Prechmmber combustor which performed best overall when

operating on wall fuel film injection was Modification "D".
Closing the reaction zone holes and adding a vaporizer tube
centerbody made definite improvements in combustor operation.
The test rig data for Modification "D" are summarized in Table
XXXII. A poor exhaust temperature profile on this combustor,
as in most of the previous configurations, required that the test-
ing be restricted to only the lowest five operating conditions.
This combustor configuration maintained hydrocarbon concentrations
below the baseline T63 combustor levels, see Figure 61. The

two previous Prechamber configurations produced high levels of
hydrocarbon emissions. Carbon monoxide emissions are plotted
in Figure 62. These emission levels were well below the base-
line concentrations. Nitrogen oxide emissions in Figure 63
were only slightly lower than those from the conventional
T63-A-SA. The CO vs NOx tradeoff curves in Figure 64 further
illustrate the emission reductions achieved in the Modification
"D" combustor. A

Smoke/particulates from Modification "D" as shown in Figlire 65
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were zero. This is the only configuration of a Final Prechamber
combustor that produced no smoke. Temperature profile, however,
remained a significant problem, see Figure 66. In no Final Pre-
chamber configuration did wall fuel film operation produce an
exhaust profile comparable to pressure atomizer operation or to the
Preliminary Prechamber combustor, which had used wall fuel film
injection. The pressure loss for this combustor was approximately
2% higher than the pressure loss in the conventional T63 combustor
liner. Part of this increase in loss, about 0.5%, resulted from the
increase in flowpath length for the combustor inlet air. The balance
of the loss resulted from a combination of the narrow convective
cooling annulus, formed between the liner and the combustor outer
case, and the closing of the reaction zone holes. Further, develop-
ment of this combustor must include reducing the pressure loss to
the 4.0% to 4.5% level.

Using extrapolated 100% power emission concentrations as was done
when no test data were available, the Final Prechamber Modification
"D" combustor produced 47% less total emissions than the conventional
T63-A-SA combustor over the LOH duty cycle and allowed no increase in
any constituent emission. Even though this combustor fell 3% short of
the 50% emission reduction goal, its elimination of smoke and reduc-
tion of each constituent emission make it the "best" wall-fuel-film
PrechamLer combustor of the Final Prechamber configurations.

Final Modified Conventional Combustion Liner

Four preliminary low-emission combustor" concepts which demonstrated
effective emission reductions were incorporated into the Final Modi-
fied Conventional Combustor Liner. The Modified Conventional Combustor
concept was envisioned as the inclu -ion of eurrent-technol gy emis-
sion abatement techniques into the b,.-ic envelope of the conventional
T63-A-SA combustor liner. The axial l'ngth of the modified conven-
tional combustor was maintained equal to the conventional combustor;
the liner dome, ignition system, primary-zone section, and axial
cross-sections remained unchanged. The emission abatement concepts
added to the conventional combustor were as follows:

* Convection cooling of the primary zone.

Delayed dilution.

* Variable dilution geometry.

* Air-blast fuel injection.

The first three of these concepts, when incorporated into the con-
ventional T63-A-SA combustor liner, resulted in the initial design
modified conventional combustor liner shown in the photograph in
Figure 67. In this design, the variable-geometry dilution band was
fabricated for two geometry settings. The "closed" setting was a
set of six 1.047 inch-diameter holes which distributed the liner
flow splits in the same proportion as the flow splits in the con-
ventional T63 combustor. In this setting, the maximum-power primary-
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zone equivalence ratio was 0.77, and the emission reductions
obtained relied upon the primary-zone convection cooling and the
delayed dilution. The second dilution geometry setting injected
dilution air through a set of 1.37 inch-square holes. This setting
repeated the flow splits in the regenerative T63 combustor and was
intended for use at regenerative conditions.

The Modified Conventional Initial Design combustor produced low
total emissions, but NO and particulates were above the Conven-
tional T63 levels. x

In an attempt to reduce the NOx and particulate emissions, the com-
bustor was reworked into Modification "A" by moving the dilution
2.00 inches upstream and replacing the two sets of dilution holes
with a single set. This location, which was the same as that in the
Conventional T63-A-SA combustor liner, still retained a degree of
delayed dilution as the trim air holes used in the Conventional T63
combustor were combined into the dilution holes. A lack of variable-
geometry effectiveness caused by seizing of the dilution slip band
plus a low c,;,,1bustor pressure loss produced poor combustor performance.

Modification "B" of the Final Modified Conventional combustor liner
a. tl I it e iil uf Liit evacepts iii '%%A'I F 1Catio.- "A" riu!: tI'- change
from a standard T63 pressure atomizing fuel injector to an air-blast
pressure atomizing fuel injector, which had been evaluated in the
preliminary low-emission combustor concept tests. In addition to the
fuel injector change, the dilution variable-geometry section was
replaced with the new hardware, which improved the mechanical opera-
tion of the slip band and strengthened the actuator tabs. To increase
the pressure loss and improve mixing and recirculation, the primary
zone and dilution zone holes were reduced. The primary zone holes
were reduced from 0.610 inch diameter to 0. 500 inch diameter, and
the dilution holes were reduced from six 1.22 inch-square holes
with 0.41 inch-radius curves to four 1.22 inch by 1.41 inch holes
with 0.41 inch-radius curves. The four dilution holes were fabri-
cated on a basis of six holes; thus epch pair of holes was adjacent
to the inlet air from the two engine feed arms. A photorLaph uf the
exterior of the Modified Conventional Modification "B" combustor
liner is presented in Figure 68, and an internal view is shown In
Figure 69.

The mechanical operation of the Modification "B" :ariable dilution
geometry slip band proved to be quite satisfactory, and four
different geometry settings were used during the rig testing: 0%,
28%, 50%, and 71% closed. The 28% closed setting corresponded to
the "nonregenerative" setting, duplicating the Conventional T63
combustor flow splits. The 0% closed setting corresponded to the
"regenerative" liner flow splits.

Modification "B" was the final configuration in the Final Modified
Conventional combustor liner series on this contract. With
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Figure 69. final Lov-Ca'esion Modified Conventional
Comtbustor Liner, tkodifioation "S"l, Internal View.
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two dilution geometry settings, 28% closed ut low-power condi-
tions and 50% closed at the high-power conditions, Modification
"B" reduced total emissions 51% over the LOH duty cycle when
compared to the Conventional T63-A-SA combustor emissions. All
constituent emissions were reduced except particulates, which were
2S% above the Conventional T63 baseline levels. Compared to tne
particulates measured from a Conventional .63 combustor in the
second baseline retest, the Modified Convertional Modification
"B" combustor particulates were 73% lower.

Emissions and combustor performance data for all three modifica-
tions of the Final Modified Conventional combistor liner were
recorded at various dilution geometry settings and each of the
six T63 nonregenerative operating conditions. In addition to
the automatic data acquisition instrumentation read for each
low-emission combustor tested, three skin thermocouples
were attached to the Modified Conventional combustors at different
primary zone axial locations. Temperatures from these thermo-
couples were manually recorded at each data point for the initial
design and Modification "A". Mechanical failure of the thermo-
couple leads inside the convection cooling shell prevented the
acquisition of any skin temperatures from the Modification "B"
testing.

The tollyging paragraphs present the test results from the "best"
Final Modified Conventional combustor liner-Modification "B".
The test results from the Initial Design and Modification "A"
liner testing are documented in Appendix IV, along with additional
details from the Modification "B" testing.

tse design changes to the Final Modified Conventional coabustor
which resulted in Modification "B" were the followingt.

A now vsriable-geottetry s l ip band was fabricated which
would operate more smoothly and would have lower leakage.

The canteleveed actuator tabs connecting the actuator
rods to the slip band ware re *"- to increase their
stiffness and to eliminate any deformation duting testins.

* The primary holes and dilution holes were reduced in area
to increas the cobustor pressure loss from 3% to 5% at
the design setting.

The dilution hole pattern was changed from six tioles
equally spaced to four holes spaced in a si-holi
pattern.

In order to reduc* the smoke and particulates, an Ex-Cell-O
iir-blast pressure atomizing fuel injector was irstaieu.
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Modification "B" of the Firnal Modified Conventional oombustoe liner
was tested at three different geometry settings over the nonregen--
erative operating conditions. The settings were 0%, 28%, and 50%
closed. The 28% closed setting was the nominal design point for the
nonregenerative tests. The regenerative position was intended to
be 0% closed or full open.

Two of the skin thermocouple leads were broken prler to the rig
tests of Modification "B"; no skin temperature data were recorded
for this configuration. Pressure loss results from the nonregen-
erative tests are summarized in Table XXXIII. On the average,
the pressure losses for 0%, 28%, and 50% closed dilution settings
were 4%, 5%, and 7%. The mechanical operation of the combustor
variable dilution geometry gave no problems during the test. With
the dilution geometry set at the 28% closed position, combustion
lean blowout from idle T63 nonregenerative combustor conditions
was obtained at a fuel/air ratio of 0.0042.

The measured exhaust emissions are summarized in Table XXXIV.
Comparisons of these emissions with the Conventional T63 combustor
liner appear in Figures 70 through 74. The settings which resulted
in the lowest LOH duty cycle total emissions are shown for th e
Modified Conventional combustor liner. The hydrocarbon emissiolls
are shown in Figure 70. A significant reduction in hydrocarbon
emissions was obtained in closing the dilution holes from 0% to
28% closed. Further restriction of the dilution resulted in only
a minor additional reduction. Overall, hydrocarbon mass emissions
were -educed 76% below the Conventional combustor level.

The carbon monoxide concentrations in Figure 71 show that the
minimum levels for the Modification "B" combustor were obtained
with the 28% closed dilution geometry setting up through the 55%
power conditions. ht 75% and 100% power, the 50% closed setting
gave lowest CO. Over the duty cycle, the Modification "B" com-
bustor reduced carbon monoxide 56%. As can be seen in Figure 72,
nitrogen oxide concentrations for both 28% and 50% closed settings
were quite similar and well below the conventional combustor level.
Modification "B" reduced NOx by 20% over the duty cycle. The CO
vs NOx tradeoff curves in Figure 73 illustrate that both CO and NOx
concentrations had been reduced. A decrease in one emission was
not obtained by simply changing the combustor operating conditions
to increase the other constituent.

The greatest effect of changes in dilution geometry was obtained
in the smoke number readings; see Figure 74. Even though the
air-blast fuel injector greatly reduced the smoke over the LOH
duty cycle, particulates were increased by 25% when compared to
the original Conventional T63-A-bA baseline smoke measurements.
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..... TABLE WXIII. COMPARISON OF COMBUSTOR PRESSURE LOSS ( FOR
-- FINAL DESIGN MODIFIED CONVENTIONAL MODIFICATION "B"

COMBUSTOR LINER AND BASELINE COMBUSTORS AT NON-
REGENERATIVE OPERATING CONDITIONS.

Cycle Point
1 6 5 4 3 2

I. Conventioixal T63-A-SA

*Liner 4.63 4.51 4.53 4.44 4.38 4.14.

II. Etended-Length Liner 5.10 4.61 5.09 4.91 4.74 4.59

III.. Final Design Modified

Conventional Liner
S ..... Modification "B"

0% Closed 4.03 3.95

28% Closed 5.21 4.90 5.18 4.97 4.53

50% Closed 7.00 6.69 7.08 6.87 6.56 6.01
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TABLE XXXIV. EMISSION DATA OF FINAL DESIGN MODIFIED CONVENTIONAL
COMBUSTOR LINER MODIFICATION "B" OPERATING AT T63
NONREGENERATIVE COMBUSTOR CONDITIONS

* Dilution Zone Variable Cycle Point

Geometry Setting 1 6 5 * 3 2

0% Closed

CO, ppm 397.0 183.4

SCy9 ppM 35.0 2.2

NOx, ppm (NDIR & NDUV) 19.3 36.6

NOx, ppm (CL) 9.0 29.S

NOx, ppm (Saltzman) 20.2 43.0

* Smoke Index 22.8 36.4

28% Closed

CO, ppm 400.6 216.4 166.8 154.7 154.7

C ppm 20.0 5.0 2.3 2.2 .8

NOx, ppm (NDIR & NDUV) 18.0 22.6 27.9 38.4 42.4

NOx, ppm (CL) 21.6 17.6 23.6 29.5 36.3

NOx, ppm (Saltzman) 20.8 28.2 32.4 40.2 53.8

Smoke Index 13.0 13.6 14.3 24.2 38.1

50% Closed

CO, ppm 717.8 365.9 262.7 181.3 131.3 97.4

CxHy, ppm 1S.2 4.2 2.8 1.7 .2 .2

NOx, ppm (NDIR & NDUV) 17.9 19.3 30.0 35.1 44.0 65.1

NOx, ppm (CL) 8.7 15.8 22.3 29.5 39.2 63.7

NOx, ppm (Saltzman) 19.2 24.6 31.2 42.1 S2.5 75.9

Smoke Index 1.5 4.3 4.3 10.2 19.8 31.0
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Figure 70. Nonregenerative T63-A-5A Combustor Hydrocarbon Emission
Data Comparison for Final Modified Conventional Modifiea-
tion "B" Combustor at Selected Dilution Geometry Settings
and Baseline T63-A-SA Combustor.
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Figure 71. Nonregenerative T63-A-SA Combustor Carbon Monoxide
Emission Date Comparison for Final Modified Conven-
tional Modification "B" Combustor at Selected Dilution
Geometry Settings and Baseline T63-A-SA Combustor.
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When compared to the second baseline retest smoke measurements, the
Modification "B" Final Modified Conventional reduced the smoke/par-
ticulates by 73%.

The total mass emissions for the Final Design Modified Conventional
Modification "B" combustor liner was 51% below the total emissions
from tne Conventional T63-A-SA combustor liner. A summary of the
emission performance for each configuration of the Modified Conven-
tional combustor liner is given in Table XXXV. Even though Modifi-
cation "B" did not produce the total reduction of the initial design,it was able to reduce hydrocarbons, carbon monoxide, and nitrogenoxide simultaneously.

The exhaust temperature profiles for the Conventional T63 combustor
liner and the Final Modified Conventional Modification "B" combustor
liner are compared in Table XXXVI and Figure 75. The temperature
profile for the 50% closed geometry setting was the best of the
Final Combustors tested. Even at maximum power conditions, the
worst profile measured for the 50% closed setting, the Tmax/Tavg
value was only 1.145. Additional development is required on the
Modified Conventional combustor to improve the exhaust temperature
profile over the variable geometry schedule which produces the lowest
emissions.

Emission response of the Modified Conventional combus:or to changes
in variable geometry setting was not as sensitive as indicated by
the reaction kinetics and empirical correlation predictions. The
probable reason for the reduced effectiveness of the variable geo-
metry was the fuel droplet burning from the pressure atomizing fuel
injectors. The fuel rich regions surrounding each fuel droplet were
locally little affected by the changes in primary mass flow; the
flame temperatures were also little affected. Changes in pressure
loss with variable geometry setting had an effect on fuel droplet
size and distribution for the air-blast fuel injector. Primary-zone
mixing is not sufficient with pressure atomized or air-blast fuel
injection systems to permit a uniform change in primary-zone fuel/air
ratio. The ineffectiveness on NOx control was especially evident,
which supports the contention that droplet burning negates much of
the variable geometry control on the burning mechanism. If variable
geometry were combined with a premixed-prevaporized fuel preparation
system in a combustor, the emissions response should greatly improve.
A properly designed premixed-prevaporized combustor would produce a
homogeneous primary zone and thus the theoretical primary zone fuel/
air response should be reflected in the flame temperature and thus
in the exhaust emissions. The Prechamber combustor, since it has a
premixed-prevaporized fuel preparation system, should respond better
to variable geometry than the Modified Conventional combustor.
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TABIE XXXV. EMISSION INDEX SUMMARY FOR T63 BASELINE AND
FINAL MODIFIED CONVENTIONAL COMBUSTORS

Particu- Total
Combustor Tested CxHy CO NOx lates Emissions

EMISSION INDEX (lb /1000 lb fuel)

o Baseline 1.544 26.094 5.068 .239 32.945

* Final Modified
Conventional

Initial Design .161 6.878 5.970 .438 13.447

Modification "A" .500 15.966 4.499 3.471 24.436

Modification "B" .364 11.432 4.068 .298 16.162

RELATIVE EMISSION INDEX N%)

Baseline 100 100 100 100 100

* Final Modified
Conventional

Initial Design 10 26 118 183 41

Modification "A" 32 61 87 1452 74

Modification "B" 24 44 80 125 49
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TABLE XXXVI. COMPARISON OF EXHAUST TEMPERATURE PROFILE
(Tmax/ Tavg) OF FINAL DESIGN MODIFIED CON-
VENTIONAL COMBUSTOR LINER MODIFICATION "B"
AND BASELINE COMBUSTOR LINERS AT T63 NON-
REGENERATIVE CONDITIONS.

Cycle Point

1 6 5 3 2

I. Conventional T63-A-SA
Liner 1.115 1.142 1.120 1.113 1.104 1.065

II. Extended Length Liner 1.229 1.210 1.198 1.171 1.129 1.188

I. Final Design Modified
Conventional Liner14)di fleation "B"

0% Closed 1.224 1.154

28% Closed 1.192 1.231 1.268 1.295 1.318

50% Closed 1.127 1.131 1,115 1.128 1.139 1.145

IS?
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The significant conclusions resulting from the analytical and experi-
mental combustor investigations are summnarized in the following
sections.

TASK -ROBLEM DEFINITION

1. The Army light observation helicopter (LOHL) duty cycle selected
for this study reflected the large percentage of time these air-
craft spend at cruise, climb/hover, and descent power levels.
Idle and takeoff account for only 20% of the time that these
aircraft are being operated.

2. It was found that the effectiv'eness of combustor variable geom-
etry is significantly influ.!nced by the power level-time dis-
tribution of the duty cyclc used. Since variable geometry Is
used to control the reaction zone conditions, it is most effec-
tive for emissions tradeoffs between substantially different
power level conditions.

3. Carbon monoxide accounted for 78% of the mass emissions produced
by a conventional T63-A-SA engine over the LOH duty cycle.
Nitrogen oxides accounted for 12.5% of the total mass emissions.
Thus, to attain ak 50% or more reduction in total emissions, the
carbon monoxide emissions had to be decreased more than 50%
while allowing no other constituents to increase.

TA#~2 -MallE~ AN~a-YIS M~ SELECTION

I. The volidity of using reaction kinetics for predicting the asa
*ion trends in cobustors was upheld by experimental testing .

2. The published test data used in the analysis of potential low-
emission combustor concepts were in general found to be insde-
quately documented. It is known that many low-mission
approaches only trade off a decrease in one contituent such as
NO , for on increae in another, such a CO. Often only one con-
sttuent was docusmeted In the literature with no indioation as
to the effect on other constituents. Me led to the seletion

of som very poor preliminary concepts for experimental. testing.

The conclusions resulting from the experimental teoting of combstor*

at-, gruped Into the three eerel types of combustore taated: base-
line cosbsistnrs, preliminary teoweron co~autors, and final low-
emission comustors.

1s9
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Baseline Combustors

I. The concentrations of exhaust emissions measured in the T63
engine agreed favorably with the concentrations measured in
the combustor test rig.

2. Combustor inlet air moisture levels appeared to have some effect
on the NOx emissions, no effect on CO and CxH, emissions, and
apparently a significant effect on smoke or pirticulate genera-
tion. Although other, unknown factors may have been the cause
of the smoke variation, the effect of moistilre or humidity on
exhaust emissions was found to be a significant problem area.

PreliminarX Low-Emission Combustors

1. Minor changes in conventional combustor geometry can significantly
affect emissions. The effects were predicted in Task 2 and veri-
fied in the Task 3 tests. One simple change was the moving of
the dilution holes aft, which resulted in the reduction of to-al
emissions by 38% with no increase in any emission constituent.
Changes such as this and others discussed herein could be applied
to conventional combustor design practices to reduce pollution.

2. Other low-cmission approaches investigated in the prelliminary
evaluations involved new co.mbustor concepts. These cwn.n rs
can be categorized into two approaches:

a. Premix/Prevaporizat ion

b. Massive Primary-Zone Recirculation/Plug Flow.

It was demonstrated that these approaches have the potential of re-
ducing emissions much further than simply modifying the combustor.
Longer development time will be required to develop the technoliug
to apply these concepts.

Final Low-Emission Coabuatorl

1. Three versions of two combustor concepts generally met the
contract objectives of emission reduction. The Final Modified
Conventional Combustor reduced emissions by 51%. The Final
Prechamber combustor reduced total emissions SS% when operating
on a pressure atomizing fuel injection system and 47% when
operating on wall fuel film injection.

The final co -,ustor designs were not designed for light weight
but still did not result in excessive evmbustor weights. A
production Th3-A-SA eombustor liner weigha 1.75 lb. The Final
Prechamber combustor weighed 3.08 lb (76% heavier than the 163
oombustor), and the final Modified Conventional ombustor
weighed 3.48 lb (99% heavier than the conventional oombutor).
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3. In general, the finial combustors'aet the comibustor perform~nce
contract objectives. Pressure. loss, stability, du abilit n
lightoff/relight capability were shown. -Exhaust tempveaturit

profiles raire additiotial developniert, ?speciallyfo e'ell
fuel-film version of the Final Precho&mber combustor.
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RECO M-ATIQNS

The emission reduction technology demonstrated in this program has
immediate, intermediate, and long-range potential application for
aircraft gas turbine engines. Those concepts recommended for imedi-
ate potential application include:

* Extended-length combustion liners.

* Air-blast fuel injectors.

* Optimization of the number of primary holes and axial location.

Delayed dilution - increased intermediate (trim) zone volume.

• Convection cooling instead of conventional film cooling.

The intermediate potential application is the incorporation of
variable geometry. In addition to emission reduction, variable
geometry offers other benefits such as improvement in altitude
ignition, fuel-air turndown ratio, and liner durability. The latter
advantage is due to reduced primary-zone flame temperatures at the
high power conditions.

For long-range potential application, premiy/prevaporization concepts
such as the "Prechamber" combustor are recommended. The other
potential concepts for long-range application are those which have
an intense primary zone recirculation with rapid conversion to plug
flow.

Although significant emission reduction technology was developed in
this program, a continuing and expanded effort is recommended to
further develop some of the concepts, investigate new concepts, and
study problems encountered in this program.

In addition to the ecological incentive for low-mass-emission combus-
tors, there are many other potential benefits from low-emission com-
bustion systems, such as:

* Noise reduction.

Altitude ignition and flame stability (lean blowout)
improvement.

Specific fuel consumption reduction, especially at idle and
low power conditions.

* Increased combustor life due to (1) decreased liner tempera-
ture with reduced flame radiation, (2) reduced average primary-
zone flame temperature,especially at high power conditions,and
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a(3) more uniform flame temperature in the combustor and
thus reduced liner temperature gradients and hot spots on
the liner.

Longer turbine section life due to demonstrated reduction in
erosion with clean flames.

Additl~nal analytical and experimental studies are recommended in
the following areas:

Variable geometry - Develop a simple, low-cost system for
both can and annular combustors. A nonmechanical system
such as fluidic control should be included in the study.

* Humidity effects - Conduct controlled experiments with water
injection in the intake to determine the effect of humidity
on NOx and smike (particulates).

* Durability - Conduct experiments to determine the effect of

- .~clean vs conventional combustors on the durability of gas
turbine engine hot-section components.

* Heat transfer - Develop an effective, durable, low-pressure-
loss, convection cooling system (and its design parameters)
for can and annular combustors. Prior to this, determine
the independent effect of using convection cooling insteadof film cooling on emissions.

Intermediate section - The results from the "Extended-Length"
and "Delayed-Diluti.on" combustors demonstrated that the
volume of the intermediate zone has a significant effect on
emissions. Additional studies are recommended to predict
and measure the effect of intermediate-zone temperature and
residence time.

Premix/Prevaporization combustors - The most promising premix/

prevaporization combustor was the "Prechamber". However,
additional studies are recommended to establish the design
scaling parameters.

Intense primary-zone recirculation/plug flow combustors -
Further studies are recommended on these types of combustors
to determine their potential for emission reduction. Two
combustors recommended for further development studies are
"Pepper-Pot Dome" and "Plug Flow/Canted Primary".

Annular Combustors - Evaluate the potential application of

the emission technology developed in this program for annular
combustors. Select the applicable technology and evaluate
the emission potential in annular combustor experiments.
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Emission instrumentation - Develop a rapid, on-line instrument
for particulate measurements. Resolve the problem of NOx
emission data discrepancies with different measurement systems
at less than 20 ppm.
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APPENDIX IXPERIM4ENTAL RESULTS OF BASELINE CO BUSTOR

The nonregenerative T63-A-SA gas turbine engine combustor liner was
the baseline combustor liner used on this contract. It was against
the emissions measured on this combustor liner that all low-emis-
sion combustor liners were compared. A photograph of the baseline
T63 liner is shown in Figure 76. This standard production combustor
system consisted of a dual-orifice pressure-atomizing fuel injector
located in the center of the liner dome, a capacitive-discharge
spark igniter located in the liner dome 1.25 inches off the liner I

axial centerline, and a "can"-type film-cooled combustor liner.

LINER PHYSICAL DESCRIPTION

The T63-A-SA combustor liner shown In Figure 76 is 9.56 inches long
overall. The liner has film cooling in the dome, one film-cooling
annulus at the dome exit, and one final film-cooling annulus of iden-
tical geometry located 1.83 inches downstream of the first film-cool-
Ing annulus. Liner hole szes and loeations are summarized tin
Table XXXVII. Using the dimensions in Table XXXVII, the resulting
liner airflow splits based upon effective areas through the liner are

tabulated in Table XXXVIII.

ASELINE T63-A-M COMIMUSoR PEFOMNCE

Even though T63 engine emissions were used ii) Lie emission assess-
ments in Task 1, testing of the T63-A-SA combustor was performed in
the Research Combustion Test Facility early in the program. The rig
tests accomplished two purposes. First, they provided a comparison
of the emissions from the same combustor when tested in engine and
rig environments; second, they provided a common base for the low-
emission testing to follow. Any singular phenomenon common to the
test facility would affect the emission/combustor performance of the
baseline combustor in the same manner as the low-emission combustor.

The [OH duty cycle - T63 engine combustor operating conditions for
-the baseline nonregenerative combustor liner are given in Table
XXXIX. The regenerative conditions are presented in Table XL. The
combustor exhaust emissions resulting from the baseline T63-A-SA I
combustor when tested at these conditions are shown in Table XL1

for regenerative as well as nonregenerative operation. These emis-
sions have been plotted in Figurea 77 through 80 as a function of
percentage of engine output horsepower. It is clear from these
figures that, operating at the higher reaction-zone temperatures
of the regenerative combustor conditions, the baseline T63 combustor
liner produced considerably less CO, CxHy, and particulates, but more
NOx emissions.
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IV

figure 76. kaolin.w Th3eAeSA Combutor Liner.

169



TABLE XXXVII. T63-A-SA LINER DESIGN SUMARY

Axial
Location
From Dome Liner Type U40- Size

Item Exit (in.) Dia. (in.) Opening her fin.) I

Dome Cooling l.74-.66 Holes 5 .203 .die.

First Cooling .0 5.31 Slots 22 .39 x .10
Annulus

Primary l.40 5.31 Holes 6 .562 die.
6 .500 die.

Second Cooling
Annulus 1.83 5.31 Slots 22 .39 x .10

Trim 2.89 S.52 Holes 1 4 .375 die.

Dilution 4.14 5.70 Holes 2 1.250 die.

Exit 8.19 6.21.

TABU XXXVUII. ASELINE T63-A-SA LINt ADYFOW
AREA SLITS

Inlet Air Location Airflow Area Split (X)

Dom Holes 11.8

first Cooling Step 11.2

Primary Holes 26.4

$eocd Cooling Step 11.2

Trim Holes 15.2

Dilution Hoies n'.2
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TABLE XLI. COMPARISON OF T63 BASELINE LINER EMISSIONS/
COMBUSTOR PERFORMANCE AT (1) NONREGENERATIVE
AND (2) REGENERATIVE COMBUSTOR OPERATING
COND ITIONS

I. Conventional Liner-
Nonregenerative Cycle Point

A. Emissions 1 6 5 4 3 2

CO, (ppm) 892.7 651.5 1495.5 382.9 214.1 74.7
H/C, (ppm) 100.0 37.0 15.8 4.1 0.7 0.6

NOx, (On-Line,

NDIR & NDUV)(ppm) 17.0 32.0 41.1 45.6 58.0 81.0

NOR, (On-Line,

CL) (ppm) 17.2 23.4 32.6 40.7, 56.3 80.6

NO., (Seltzaan)

(ppm) 18.5 27.8 37.1 45.8 61.3 90.6

Smoke Number 3. 7. 12. 17. 25. 30.

B. Pressure Loss ( ) 4.63 4.51 4.53 4.44 4.38 4.14

C. Temp. Profile!.... (TasxiTovs) 1.115 1.142 1.12 0 1.113 1.104 1.065

-L-

I. Conventional Liner -

Regenerative
: .A. Emissions

CO (ppm) 346.2 242.5 196.8 142.9 85.8 38.0

H/C, (ppm) 8.8 2.6 1.6 1.5 3.3 1.5

NOx, (On-Line,
S Nm&?QuV)(ppm -

NO$, (On-Line, 9 11
C) (ppm) 27.0 3).6 39.4 53.8 75.8 102.9

(ppm) - - - I
Soke *Amber 2.00 83 1.35 2.05 4.SO 2.50

a. Pressure Loss (I) 6.50 6.52 7.00 6.85 6.27 6.64

C. Temp. Profile I
....._____,__.... 1.076 1.08s 1.079 1.063 -.06S 1.0so

172



100

90 -- -- -- - -

- - - -0 Nonregenerative Conditions

80 -' - C3 Regenerative Conditions

70 ~

60I

-so- - -

40 s

30i

20

00 10 2030 4i0 50 60.7080 go) 10
tent Output Horsopower

Figure 7 7. Convntional T63-.SA Baseli ne Combustor
Hiydrocarbon Emissions Test Rig Data.

173



1000

9000 Nonregenerative Conditions

03 Regenerative Conditions

-Boo- --

300 -- --- - -

1.00-

0 -7- - - - - -

0 .10 20 30 40) 50 60 70 8o 90 100
feroent Output Horsepower

rigure 76. Conventional T63-ASA Baseline Combstor
Carbon Monoxide Emissions Test Rig Oata.

174



110

o100 i-
~ 90 0 Nonregenerative Conditions

03 Regenerative Conditions - -- -

80 -- --

70 --4

S60 - - - --- --

102 S

0 -0

3, 0 -,%7 --

o 0
%---

44

0~ 10 20 30 40 50 60 70 80 90 100
Percent Output Horsepower

Figure 79. Conventional T63-A-SA Baseline Combustor
trogen Oxides Emissions Test Rig Data.

175



34

321
30 ,.

28 -- _ ~ -

26 - - -

0

ci i

- ..- -.,-1. -' . ..-

5.4-

<12- 0 Nonregenerative Conditions

1 0- -- Regenerative Conditions~~10...
ci I .. _ _.

6 . M .... ..- - - -

2 _3 I - -

0 10 "20 30 40 50 60 70 60 90 100 '

percent Outpu; Horsepower

44

Figuzre 80. Conventional T63-A-5A Baseline Combustor
Smoke Ntimber Emissions Test Rig Data.

176



Using the emisslon data from Table XLI and Figures 77 through 80,
the LOH duty cycle emissions indices for the baseline combustor
liner at nonregenerative and regenerative operating conditions were
computed. The constituent and total emissions index values are sum-
marized in Table XLII along with the average fuel flow rates re-
quired for the LOH duty cycle. On a total mass basis, the baseline
combustor produced an average of 4.63 lb/hr of total emissions at
nonregenerative combustor operating conditions, but only 2.21 lb/hr
of total emissions at regenerative conditions, based on the LOH duty
cycle.

Pressure loss at regenerative conditions increased from an arithmetic
average of 4.44% to 6.63% because of the higher loading produced by
the increase in inlet temperature.

Exhaust temperature profile was vEry good at both nonregenerative
and regenerative operating conditions. The arithmetically averaged
temperature profile (T /T ) was 1.110 at nonregenerative condi-

Mtions for the six data point 1.070 for the regenerative condi-
tions. The similarly averaged pattern factors were 0.1563 and
0.1517 for nonregenerative and regenerative conditions respectively.

This combustor's performance as measured in the test rig at the non-
* regenerative engine combustor operating conditions constituted the

baseline against which all low-emission combustors tested on this
contract were compared. The baseline LOH duty cycle total emissions

* index used in determining emission reductions was 32.946 lb
emission/1000 lb fuel. This total index utilized the NOx emissions

;* measured with the on-line NDIR and NDUV instruments.

* The similarity between T63 engine measured emissions and test rig
measured emissions is shown in the comparison curves in Figures 81
through 83 for CO, CxHy, and NOx. For particulates,the mass
generation rates were plotted instead of smoke index; see Figure 84.
In general, the engine hydrocarbons and particulates were somewhat
higher than the levels measured on the combustion rig, but carbon
monoxide and nitrogen oxides were slightly lower. Comparing the
emission index values computed from these emission concentrations,
Table XLIII, the total emissions from engine and rig measurements
were nearly identical: 32.933 lb/1000 lb fuel for the engine and I
32.945 lb/lO00 lb fuel for the rig test.

BASELINE-T63-A-SA COMBUSTOR RETESTS

After the seventeen preliminary combustors had been tested, a
retest of the T63-A-5A baseline combustor was performed. Since
the original baseline liner had been modified into one of the
preliminary combustors, another production-fabricated combustor
liner was purchased for the retest. In addition, the original .4
dual-orifice pressure-atomizing fuel injector which had been
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TABLE XLII. LOH DUTY CYCLE EMISSIONS FOR THE
BASELINE T63-A-SA COMBUSTOR LINER

PJ~lasions Index--(lb emissiggs/1000 lb fuel)

EmssonNonregenerative CRegenrive

COY 1.544 .378

CO 26.094 13.804

NO* 5.068 8.412

Particulates .239 .040

Total 32.9452261

Average
Fuel Flow 1140.65 lb/hr 97.614 lb/hr
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TABLE XLIII. COMPARISON OF T63-A-SA ENGINE AND
COMBUSTOR RIG EMISSIONS FOR THlE LOH
DUTY CYCLE

jw T3 CoMbustor Rio

Emission 13/l000 lb Put! 0%0 lb10 bfe 2

C.H, 1.544 100 2.1467 160

Co 26.094 100 2S.784 99

NoL 5.068 100 4.118 81

Particulates .239 100 .5614 236

Total 32.914S 32.933



used in all of the preliminary combustor testing requiring a
pressure-atomizer injector, was replaced in the retest with
another available fuel injector. The retest was performed
on June 7, 1972, and the resulting emissions/combustor per-
formance deviated markedly from the initial test. The tabu-
lated test results are given in Table XLIV.

Comparison of the constituent emissions revealc. that CO and CxH.
increased slightly, NkO decreased significantly, and particulates
(smoke index) Increased alarmingly. Pressure losses between tests
at the same operating conditions showed that the effective liner flow-
through areas were acceptably consistent. This, in fact, was deter-

• * . mined physically, as all hole and cooling slot sizes were checked
* after the test and were found to be within manufacturing

tolerance.

*,Because of the degradation in exhaust temperature profile (Tmax/Tava)

in the retest, the fuel injector was bench tested and was found to
- exhibit a 31-degrcl circumferential fuel flow distortion. This mag-

nitude of distortion was outside the production acceptance specifi-
cation. Excessive circumferential flow distortions from a fuel
injector can produce a nonuniform temperature pattern and cause
emissions to increase

To prove the repeatability of the combustor emissions and performnce,
another retest was scheduled, but first a new fuel injector was
secured and bench tested to assure that its performance was accept-

*" able. Th results of the fuel injector bench test showed that the
* flow vs pressure drop performance was within specifications and that

the circumferential flow distortion was only half the allowable
variation. The second baseline combustor retest was conducted on

* July 31, 1972. The emission results of this test. the first retest,
and the initial test are presented in Table XLIV. The curves in
Figures 85 through 88 coimare the individual emissions from all
three baseline tests. The repeatability of CO and Cxv emissions is
evident for the Initial test and second retest In Figules 85 and 86.
The small differences observed between these two sets of emlsions
can easily be attributed to experimental variations and not differ-
ences between the oombustors,

The NOx and smoke number data in Figures 87 and 88 show that it
was the retest emissions data which repeated. For both retest,
was substantially below the Initial test N51 concentrations, and smi-
larly, both retest smoke number data were themselves consistent but
a factor of two or more higher in magnitude than the initial smoke
numbers.

ession index values for all three baseline combustor tests were
computed from the emission concentratiors listed in Table XLIV
and plotted In Figures 85 through 88. The results of these
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TABLE XLI1V. COMPARISON OF ?63 NONREiiNERATIVE C41581OW/
COMBUSTOR PERFORMANCE OF CONVENTIONAL BASELINE
T63-A-SA CtMUSTOR LINERS

1. Co'wu:ati'al Linei - Initial Test _______*)i

A. Ew~ioi (1--I

co,(ppm) 892.7 f, .; 1495.c 382.9 114. 1 747

Roxv (Slun pm18.S i7.8 37.1 4S.8 61.3 90.6I;ISmnke fNimbcr 3. 7. 12. 17. 25. 30.
B. Pressure Loss 4,6.3 4.S1 4.53 '4.44 4.38 4.14

C. Tewp. P~rofile ~ 1T~/~Q.115 1.142 11.120 K13l1' .6

II. Convenio~iul Linor -Rete'st (b-7-72)

Co. (ppe) 966-S 6SX.5 5.2s.3 '461.9 289.6 112.4

HA'pA 10. 00 25.0 1. 21 .8
WOI(DoUn.NIR N& Y (Nov 20.7 2S.7 35.9 39.2 49.3 70.6

ND 8.ltsmen) (ppm) 14.4 20.7 29.1 W73 S1.2 72.9'

Convhentional Liter lwRttt

0%, p) 5.6 .6S1.5 "eS. 2 3S1.0 -2Q .5S 47.41

It/C.(pm 79.0 36.0 1%.% '4.6 1.1 ..0

mix ,(D-Liao, 10U.4 giXIV(pps) 18.6 M52 I.2. -t 17.S 44.0 64.3

N4X(3tt) (ppm) 19.1 26.1 3)4.6 44.0. 85.2 74.6

Syak Kio~*cr 10.1 20.67 30.9 41.92 W0.02 .6

D. Pz-i'*eiurwLoss t%) '.6 4.3? 4,32 14,24 It.02 .91

C. TeP. hffle (1T as"a 1.09S -.. 14) as 1.15. 1.1 .141 1.1"4
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calculations are summarized its table XLV. Shown here are the values
of constituent as well as total emissions indexes In the top half
of the table, the EI values are tabulated in units of lb emission/
1000 lb of fuel; in the bottom half of the table are relative EI
values, based upon the initial test results. It is clear from
the total emissions column that the initial test (11/9/71) and the
second retest (7/31/72) data repeat very well, and that the first
retest exhibited a significant increase in total emissions. It is
also easily seen which magnitudes of the constituent emissions
repeat and which do not repeat.

The search for an explanation of the differences in constituent
emissions showed that the poor circumferential flow distribution of
the fuel injector used in the first retest was responsible for the
shift to higher CO and CxH emissions in that test, since the newxyfuel injector used in the second retest returned these emissions
to approximately their initial concentrations. This conclusion is
supported by examination of the temperature profile data plotted in
Figure 89. In this figure the conventional liner initial test
baseline profile is indicated along with other recorded profiles
for that combustor taken during the same period of time. The
reason for the variation in profile values is simply a reflection
of the fluctuating behavior of the exhaust as it exits the combustor.
Temperature profile changes of these magnitudes are typical of all
of the tests conducted; thus either an average value over a reason-
able time period should be used to quantify the profile or a band
containing the typical fluctuations should be used. This latter
idea has been indicated in Figure 89 by the portion of the graph
labeled "Conventional Liner Profile Band." The temperature profile
designated as "baseline" typically corresponded to the lower edge
of that band.

The first retest profile is also plotted on this curve, and these
data are consistently at or above the upper edge of the initial test
profile band. This supports the contention that the fuel injector
in the first retest was functioning improperly. The second retest
temperature profile (7/31/72) shows an overall improvement when
compared to the first retest. Four values are within the profile
band, one value is above, and one value is below.

The temperature profile improvement with the new fuel injector did
not return the NOx and smoke number readings to the initial test
levels. In fact, the NO, and smoke repeated quite well with the
first retest data. Since the initial test was conducted in the
late fall and the retests were conducted in the summer, the effect
of seasonal differences on the combustor inlet air or changes in the
fuel during the interim might help to explain the changes In NOx
and smoke. All combustor testing on this contract was performed
with JP-4 fuel. The DDA Test Department had conducted emission
measurements on another engine using JP-5 fuel, also in the winter
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TABLE XLV. EMISSION INDEX SUMMIARY
FOR CONVENTIONAL T63-A-5A
COMBUSTORS

EMISSION CONSTITUENT
Test * Particu- Total
Date CxHy CO NO~ lates Emissions

* Actual Emission Index (lb/10OO lb Fuel)

11/9/71 1.5441 26.094 S.068 .239 32.94S
*5.189 33.066

*6/7/72 2.067 30.569 4.427 1.422 38.485

4.216 38.274

*7/31/72 1.323 25.080 4.241 1.100 31.744

*4.881 32.384

* Relative Emission Index(%

11/9/71. 100 100 100 100 100

102 100

6/7/72 134 117 87 595 117

83 116

7/31/72 86 96 84 460 96

96 98

*First NO Line is for On-Line NDIR + DUV.
X

Second NO X Line is for Saltzman.
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and summer,and had observed similar differences in NO and smoke
between the seasonal tests. Therefore, it was discounted that
changes in fuel had caused the differences in NOx and smoke.

It is known that 3 yater vapor has a significant effect on nitric
oxide emissions. With this phenomenon in mind, relative humidities
for the test dates of the baseline combustor were obtained from DDA
Facilities Department records and absolute atmospheric humidities
experienced during each test were determined. The on-line NDIR +

NDUV NOx concentrations for each baseline test were plotted as a
function of the atmospheric absolute humidity for lines of constant
power, see Figure 90. The trend of NOx decrease with moisture
content increase is compatible with the predictions of Moore.

32

Perhaps, of even more significance was the seeming correlation of
smoke number increase with air moisture content, as can be seen in

*Figure 91. Examination of these curves reveals that between the
* first test and the second retest, the smoke number significantly

increased for the same quality of combustor components, liner, and
fuel injector. The peaking of the smoke numbers from the first
retest was probably a result of the poor distribution from the fuel
injector.

It therefore appears from the experimental data recorded from this
test program that both NOx concentrations and smoke number may
be influenced by the concentration of moisture in the combustor
inlet air. Future testing should be conducted with this observa-
tion in mind, and inlet combustor air moisture content should be
measured in addition to the standard inlet parameters.
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APPEN)IX II
DESIGN AND EXPERIMENTAL RESULTS OF

PRELIMINARY LOW-EMISSION COMBUSTORS

The following seventeen combustors were designed and tested to
determine preliminary emission performance data.

* Extended Length

) Rich Primary Zone

* Air Blast/Air Assist

0 Variable Geometry

* Early Quench

0 Delayed Dilution

• Delayed/Annular Dilution

* Premix Cup/Gaseous Fuel

* Plug Flow/Canted Primary

* Tangential Swirl

, Swirl Dome

.• Rich Premix/Swirl

. Pepper-Pot Dome

*) Delayed Quench

• Premix/Prevaporization

* Prechamber

. Optimum Primary

The approach was to obtain a low-cost, reid evaluation of each
of the above concepts. The best concept or concepts would then be
designed into the final configuration(s) as discussed in Appendix
III and Appendix IV-to meet the contract objectives. Detailed
experimental reports were published on each of the combuators andare available upon request. This appendix presents a sumary of
those reports for each of the combustors which were evaluated at
primarily the T63-A-SA nonregenertlve-combustor operating condi-
tions presented In Table IV.
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As saolw in that table, six steady-state operating conditions were
defift,4 from idle through maximum power. Most of the above-listed
combulors were tested at all six conditions, but a limited number
of e, jmbustors were tested at fewer sets of conditions due to com-
bustor operational problems. However, some of the combustors, such
as the "Variable-Geometry Combustor", were tested at many additnnal
conditions. Thirty lines of data were obtained, including both non-
vssenerative and regenerative conditions. Furthermore, some of the
seventeen combustors were modified and retested. A total of 177 lines

W" of experimental data were obtained for the seventeen preliminary low-
emission combustors.

Sixteen of the combustors were tested with JP-4 fuel; the other cofi-
bustor, "Premix Cup/Caseous Fuel", was tested with gaseous propane.
'The total emission indexes were calculated from the experimental
emission data for the seventeen preliminary low-emission combust rs.
The calculations were made for the previously defined LOH duty cycle
and the T63 nonregenerative enbine. These results could then be
compared as shown in Table XLVI with the baseline combustor to deter-
mine the potential of the concepts for meeting the contract emission
reduction objectives. These objectives are to reduce the total emis-
sions 50% without an increase in any individual emission. As shown
in Table XLVI, eight of the preliminary combustors met the SO% emis-
sion reduction objective, but only the "Prechamber" combustor met the
second objective of no increase in the individual emissions. However,
a combination of some of the separate features in the seventeen pre-
liminary combustors might be combined into a combustor to meet the
-ontract objectives. This in fact was done; therefore, two combustors
were selected from this preliminary evaluation for further experi-
ental evaluation as reported in Appendixes III and IV. These were

the "Prechamber" and "Modified Conventional."

This appendix reports only on the design and experimental results
from the preliminary low-emission combustors. Each of the combustors
is discussed separately in the following sections.

ExTENOE-ILN TH CO]BUsTUR

Task 2 analytical studies predicted that significant reductions in
CO and CxHy could be achieved by increasing the residence-tme in
the Intermediate zone. This intermediate zone is the section be-
tween the primary zone and the dilution zone. The calculations show

* 1 that at the intermediate zone temperatures, the CO. CxHy and C could
be consumed with only small increases in NOx.

A T63-A-SA combustor was modified to obtain the "Extended-Length"
combustor. The only modification, as shown in Figure 92, was to
add a 6-inch cylindrical section between the primary holes and the
first row of dilution holes.
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TABLE XLVI. RELATIVE EMISSION IND)EX PERFORMANCE OF
PRELIMINARY LW-EMISSION COMBUSTORS

cagus-m ShY cc No. [AMtU 1XTOL CCLm

T63-A-SA Baeellre 100 100 t00 100 100 S

gxtwnd~ Lenth '4 33 12's 1% S

Rick rmmry 2000 3 65 I10 121 73 S

Air usletAL Assist
ODA Al~e 131t 1016 l to 1% 1"0

* x-Cll-0 Ale
$.ls 115 100 87 34 160 S

* E-C*l1-O Air
Assist 216 103 13 7% 103 S

Valsble Gemery
c.tr.ifw4 3S 1A 103 3* 7

* unestraio.4 20 3* 121 19 5

"AlY Qw~cl 2"l 70 1In 7 6

Oel~aY04lltsoft 6S 54 99 91 2 S

NO10 11 IIS 14 6

Deitaltsign 31s 146- t00 1.1 III

fevoia s91L39 106 1*"3

swir ~ 5 3 1 185 W41

1hith PreatuAto 3 I 1 111 10 IS

Is) I
Dolr"e~~ra o* 3 0 0 I si

4 ~ ~ ~ 2 fte se~sptt

*@0a *&Mry 2 29In s

-~ ~ ~ f 66- -t -b"-'---~~a
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The "Extended-Length" combustor was tested with the T63-A-SA
conventional pressure-atomizing fuel injector and spark ignition
system. JP-4 fuel was used in the experiments. The combustor
was tested at six s*ead,-state conditions defined in Table IV.
These simulated conditions correspond to the combustor conditions
for the T63-A-SA nonregenerative engine operating at idle
(10% power) through maximum power.

The CO emissions from the "Extended-Length" combustor were signif-
icantly less than those from the T63-A-SA conventional, baseline
combustor, as shown in Figure 93. Similarly, as shown in Figure 94,
the CxHv emissions were also reduced significantly. However,
the NOx emissions from the "Extended-Length" combustor were more
than those from the T53-A-SA combustor, as shown in Figure q5.
The higher NOx was due to the increased residence time. The smoke,
like the CO and CxHy, was nlso significantly reduced from the
"Extended Length" combustor. As shown in Figure 96, the smoke
was reduced to very low values at all operating conditions in-
eluding maximum power. The same amount of carbon was probably
formed in the primary zone, but it was consumed during the lot.g
residence time section in the intermediate zone of the combustor. j
The emision data from the "Extended-Length" combustor premented in
Figures 93 through 96 were used to calculate the emission indexes
for the previously defined T63 powered, LOH duty cycle. These

I emission indexes for the "Extended Langth" combustor were compared
to the T63-A-SA baseline combustor and show the following effects
on emission performance:

S CHy emissions were reduced 7%.

,. CO emissions *ere reduced 56.

NO emissions were increased 24%.

• The particulates were reduced 86%.

As shown in Table XLV1, the net effect was a S29 reduction in
total emissions.. Wv m i the irst contract objective toIreduce
the emissions 50Y. However, It did not mt the contract objeec-
tive of no increase in individual emissiono because the WO, in-
creased 24%. Furthermore, the reduction was not achieved in the
same combustor envelope. The tests were significant, however ,for

No reasons:

* A very simple change in the combustor can provide
significent reductions in total emissions.

* A properly detigned, optimized trade-off in the primary
zone/intermediate zone/dilution zone will undoubtedly
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provide significant reductions in total emissions even
within the same combustor envelope.

The only surprise from the experiments was the degradation in
temperature profile as shown in Figure 97. Previous and subse-
quent experiments have shown that the T63-A-SA is very sensitive
to the external aerodynamic flow between the liner and outer
combustor case. With the extended length, the airflow into
the dilution was probably unbalanced slightly and led to the
degradation in temperature profile shown in Figure 97. A careful
tailoring of the dilution zone holes in a development program
would probably result in a temperature profile comparable to the
T63-A-SA baseline combustor.

Visual examination of the combustor after the experiments did not
reveal any structural damage and did not indicate any potential
durability problem. This was encouraging because no addition3l
film coolant was added. Thus the first coolant film, as shown
in Figure 92, had to cool a much larger section of the combustor
liner than in the T63-A-SA conventional baseline combustor.

Based upon the significant emissions reduction achieved with the
"Extended-Length" liner, its concept was recommended for further
study in a conventional-length liner. The concept, as pursued and
described in a later section in this appendix, was termed
"Delayed Dilution" when applied to the conventional-length liner.
I- the anticipated low-emission performance is achieved in the

* conventional envelope, its inclusion in the final low-emission
* combustor would certainly be recommended.

Further interesting experiments would have been to investigate
additional extended lengths. The only extended-length investi-
gated was the 6 inch extension. These additional experiments,
supported by the emission kinetics analysis program, would estab-
lish the CO, CxHy, C versus NOx trade-offs as a function of
intermediate zone resident time. However,these additional studies
were beyond the scope of the program.

* ,RICH PIARY ZONE COMBUSTOR

The conventional T63-A-SA combustor operates at 0.77 design
equivalence ratio in the primary zone at maximum power. Therefore,
the conventional combustor has relatively high CO and CxHv and
low NOx over the operating range. Task 2 studies and prviously
reported experimental data had indicated that significant reduc-
tions in CO and CxHy could be obtained with small increases in
NOx by enriching the primary zone fuel/air ratio.

An available regenerative T63 combustor liner shown in Figure 98
was selected for use in this evaluotion of the "Rich Primary Zone"
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* Figure 98. Preliminary Low-Emiission Rich-Primary-Zone
(Regenerative T63) Combustor Liner.
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combustor. The selected combustor was essentially the same as
the conventional T63-A-SA combustor except that the holes sizes and
number were modified to obtain a 1.0 equivalence ratio in the
primary zone at maximum-power, nonregenerative engine conditions.

The rich-primary-zone combustor was tested at the six T63 non-
regenerative operating conditions defined in Table IV. These
conditions varied from idle (10% power) through maximum power.
The combustor was tested with JP-4 fuel. A standard T63 pressure
atomizing fuel injector and spark igniter were used in the experi-
ments.

The CO and CxH from the rich-primary-zone combustor were
significantly less than from the T63-A-5A oonventional combustor,
as shown in Figures 99 and 100. However, the NOx, as shown in
Figure 101,increased slightly. The smoke increased considerably,
as shown in Figure 102 ,which was an expected result based upon
previous data from other combustors. The emission data presented

in Figures 99 through 102 were used to calculate the emission indexes
for the previously defined LOH duty cycle. The emission index
performance of the rich-primary-zone combustor as compared to the
T63-A-SA conventional baseline combustor was as follows:

* The C H decreased 37%.

0 The CO decreased 35%.

0 0 The NO increased 10%.
x

0 The particulate increased 221%.

As shown in Table XLVI, the effect on total emissions was a 27%

reduction. The contract objective was a reduction in total emis-
sions of 50%. Thereforethe combustor did not meet this objective,
nor did it meet the additional objective of no increase in any
individual emission. It could, however, be combined with other
approaches to perhaps achieve the cont.act objectives.

AIR-BLAST/AIR-ASSIST FUEL INJECTORS

During this contract, two different air-blast fuel injectors were
tested. One of these was also operated as an eir-assist fuel injector.
For both fuel injectors, the only modifications made to the T63-A-
5A conventional liners were changes to the fuel injector bushing
so that the particular injector could be used.

The first air-blast fuel injector combustor test was previously
designed and developed at DDA for the T63-A-SA engine. However its
emission performance had not been determined previously. This
injector was labeled the "DDA Air-Blast Fuel Injector" and is
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pictured as installed in the conventional liner in Figure 103.
A view of the Installed fuel injector from inside the combustor
liner Is seen in Figure 104. The DDA air-blast fuel injector
utilized a double set of straight bladed radial swirler vanes,
which was the primary design difference between the two injectors.

The second fuel injector was manufactured for use on this contract
by the Ex-Cell-0 Corporation. The Ex-Cell-O fuel injector design

4, sketch is shown in Figure 105. Tangential air passages were cut
thr ,ugh the nozzle cylinder surrounding the pressure atomizer. The
air-fuel droplet mixture then entered the combustor through the

* eind of the nozzle cylinder. This injector was designed both for
a simple air-blast mode (Figure 106), utilizing the differential
ressure across the combustor liner as the blast air pressure, and
for an air-assist mode (Figure 107), utilizing air from a controlled

l external air source.

The hole patterns and sizes in the liners were unchanged from their
conventional T63 conditions, but because the air was being added
through the fuel injectors, the equivalence ratios in the primary
decreased an undetermined amount from the 0.77 value in the
conventional combustor.

The air-blast/air-assist fuel injectors were tested at the T63
non-regenerative combustor operating conditions given in Table IV,
The tests were conducted at steady state conditions using JP-4 fuel
and the conventional T63 ignition system.

Air-assist combustor data was obtained for assist pressures

of 10% and 20% above burner inlet pressure (DIP) for all combustor
* ~c.nditions for which air-assist supply pressure was adequate.

Carbon monoxide results are presented in Figure 108 and show that
*..the Ex-Cell-O air-blsst/air-assiet fuel injector produced

essentially the same emissions as the conventional combustor ex-
cept at low-power conditions, where the CO emissions were higher.

There was no consistent difference between the airblast mode and
the rassist mode of this injector In O tissions. The DA mar-
blast fuel injector produced significantly higher CO at all cycle-
point conditions. The increases in CO emissions reflect partially
the leaning out of the combustor primary zone by the assist or
blast air addition.

Considerable Increases in hydrocarbon emissions were observed for
both nonstandard fuel injeetors,ss can be seen in Figure 109.
Here again,the DDA air-blast Injector CxlHy production was con-
sistently higher (for any mode of operation) than the Ex-Cell-O
fuel injector. The air addition by the DDA air-blast injector
was much higher then the air addition through the air-blast/air-
assist fuel Injectorwhich reduced the primary-zone fuel/air to
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figure 103. External View of WA Air-Blest fuel Injecitor Install1ed
In a Conventional T63-A-SA Combstor Liner.
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Figure 104. Inatetrnal View of a ODA Air-Blost Fuel Injector Installed
in 3 Conventional T63-A-SA Combustor Liner.
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rigure 105. Ex-Celi-O Air-Blast/Air-Assist Fuel
Injector Design Sketch.
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Figure 106. Ex-Cell-O Air-8last/Air-Assist Fuel
Injector -Air-~Blast Mode.

Figure 107. Ex-Cell-0 Air-Blast/Air-Assist Fuel
Injector - Air-Assist Mode.
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Figure 108. Nonregenerative T63-A-5A Combustor
Carbon Monoxide Emission Data for Air-Blast and
Air-Assist Fuel Injectors and Baseline Injectors.
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the lowest of any of the configurations shown.

Oxides of nitrogen for all configurations, shown in Figure 110,
had consistently lower concentrations than the conventional T63
combustor. Of the special fuel injectors, the air assist ex-
hibited lower NOA on the on-line instruments (NDIR + NDUV); but
from the wet chemistry samples (SaltzmanX the concentrations
were nearly identical.

The greatest variation in the performance of the individual fuel

injectors was in the degree of the smoke/particulate reduction
from the conventional T63 combustor, see Figure 111. The two air-
blast injectors reduced the smoke most significantly. The DDA
air-blast injector was as effective in smoke reduction as the 6-inch
additional length of the "Extended-Length Liner." The air-assist
fuel injection exhibited adequate smoke reduction above 50% power
operating conditions. Since smoke reduction is one of the primary
purposes of an air-blast or air-assist fuel injector, all of the
data taken showed that the smoke reductions for each injector were
good- to-excellent.

The temperature profile data,compared in Figure 112,show Tmax/Tava

values for the air-blast/air-assist fuel injectors somewhere be-
tween the "Conventional T63 Combustor" and the "Extended-Length
Combustor." The DDA air-blast fuel injector exhibited temperature
profiles equal to the "Conventional T63 Combustor."

Using the data presented in Table XLVII, the Emission Index (EI)
values for the selected LOH duty cycle were calculated. The re-
sults of those calculations are summarized below:

Emission Index
Fuel Injector lb emission/1000 lb fuel

DDA Air Blast 40.440

Ex-Cell-O
Air Blast 33.128
10% Air Assist 33.946
20% Air Assist (No 27.127

data for 75%
and 100% power)

The El for the "Conventional T63 Combustor" with the standard
pressure-atomizing fuel injector was 32.946 lb emission/1000
lb fuel. The Ex-Cell-O air-blast/air-assist fuel injector ohowed
almost no increase in total EI because the increase in GxHy was
offset by the reductions in NOx and smoke. However, the DDA air-
blast injector test revealed an increase in total emissions of 13%
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TABLE XLVII. COMPARISON OF T63 NONREGENERATIVE EMISSION/COmBUSTOR PERi.ORMANCE OF
(1) CONVENTIONAL LINER WITH STANDARD AIR-ATOMIZING FUEL INJECTOR,
(2) EXTENDED-LENGTI{ LINER WITH STANDARD FUEL INJECTOR, (3) CCz.GVEN-
TIOAIAL LINER WITH DDA AIR-BLAST FUEL INJECTOR, (4) CONVENTIONAL LINER
WITl AIR-BLAST/AIR-ASSIST FUEL INJECTOR IN AIR-BLASr NODE, (5) CON-
VENTIONAL LINER WITH AIR-BLAST/AIR-ASSIST FUEL INJECTOR IN AIR-ASSIST
MODE (+ 10% AP ABOVE BIP), (6) CONVENTIONAL LINER WITH1 AIR-BLAST/
AIR-ASSIST FUEL INJECTOR IN AIR-ASSIST MODE (+ 20% AP ABOVE BIP)

I. Conventional Liner Cycle Point
A. Emissions 1 6 s 4 3 2

CO. (ppm) 893 652 496 383 214 75

H/C, (ppm) 100 37 15.8 4.1 0.7 0.6
Nox, (On-Line, NDIR & NDUV)(ppm) 17.0 32.0 41.1 45.6 58.0 81.0

NOx, (On-Line, CL)(ppm) 17.2 23.4 32.6 40.7 56.3 80.6
NOx, (Saltzman)(ppm) 18.5 27.8 37.6 45.9 61.3 90.6
Smoke Number 3. 7. 12. 17. 25. 30.

B. Pressure Loss (%) 4.63 4.51 4.53 4.44 1.38 4.14

C. Temp. Profile (T max/T a) 1.115 1.142 1.120 1.113 11.101 1.065

11 .--Extended-Length Liner

A. Emissions

CO, (ppm) 49S 298 185.5 94.0 38.6 22.6

H/C, (ppm) 49. 15.8 5.1 1.0 0.5 0.4

NOx, (On-Line, NDIR & NDUV)(ppm) 25.0 33.0 39.5 56.5 72. 0' 119.5

NOx, (On-Line, CL)(ppm) 19.0 26.5 35.0 47.0 68.01 113.3

NOx, (Saltzman) (ppm) 24.8 38.3 41.0 56.0 79.7 123.9
Smoke Number 1.72 3.76 3.28 2.80 4.20 0.59

B. Pressure Loss (%) 5.10 4.61 .5.09 4.91 4.74 4.59

C. Temp. Profile (T max/Tv) 1.229 1.210 1.198 1.171 1.129 1.188

I]I Standard Length DDA Air Blast Injector

A. Emissions

CO, (ppm) 1031.0 786.1 581.1 470.2 275.9 99.3

H/C, (ppm) 282.1 125.0 38.0 13.0 2.1 0.2

NO., (On-Line, CL)(ppm) 16. 24.1 32.1 38.7 54.8 76.8

Smoke Number 2.05 3.0 3.4 4.6 3.46 2.95

B. Pressure Loss 4) 1.67 4.49 4.66 4.44 4.57 4.36

C. Temp. Profile (T ITx/T a) 1.131 1.131 1.118 1.117 1.102 1.099
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Table XLVIl - Continued

Cycle Point
-. -" - , ,

16 S4 3

ok IV. Standard Length Air-Blast/Air-Assist
Injector in Air-Blast Mode

A. Emissions

CO, (ppm) 966.5 717.8 4iS.O 359.2 228.1 108.6
HIC,(ppm) 175.0 73.0 16.5 4.2 1.6 .5
N0, (On-Line, NOIR & NDUV)(ppm) 23.0 26.0 28.0 38.5 53.5 76.0
NOxSaltzman)(ppm) 1E.5 22.6 31.9 41.3 55.3 81.2
Smoke Number 1.93 3.77 5.23 6.75 10.31 14.02

B. Pressure Loss ( ) 5.47 5.35 5.'52 5.24 5.15 4.58
C. Temp. Profile (T max/T avg) 1.117 1.127 1.155 1.158 1.1.98 1.149

V. Standard Length A'r-Blast/Air-Assist
Injector in Air-Assist Mode (EU% AP)

A. Emissions

CO, (ppm) 1042.5 7S1.7 495.0 362.5 221.0 112.4
H/C, (ppm) 260.0 99.0 19.0 4.0 .8 .6
NO x,(On-Line, NDIR & NOUV)(ppm) 23.5 27.5 29.5 29.0 43.0 69,0
NOx, (Saltzman) (ppm) 15.2 23.2 30.9 41.4 55.5 89.71
Smoke Number 4.32 8.93 9.48 15.80 .17.33 16.18,

B. Pressure Loss (t) 5.37 5.37 5.57 5.39 5.02 4.721
C. Temp. Profile (Tmax/T vg) 1.152 1.141 1.170 1.159 1.171 1.1744

VI. Standard Length Air-Blast/Air-Assist
Injector in Air-Assist Mode (20% AP)

A. Emissions

CO. (ppm) 004.2 717.8 465.2 355.9
H/C,(ppm) 200.0 77.0 18.0 3.2

NOX,(On-Line, NDIR & NDUV)(ppm 22.0 24.5 31.0 28.0
NOx, (Saltzman) (ppm) 16.4 24.3 33.1 39.8
Smoke Number 3.71 6.90 8.91 12.78

B. Pressure Loss (%) 5.35 5.31 5.4S 5.26
C. Temp. Profile (Tx/T ) 1.172 1.155 1.160 1.143

4.5% AP (Maximum Available) Air Assist
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caused by the rise in the CO and CxHy concentrations.

In a separate ODA funded test series in 1971, it was experimentally
shown that by reducing the primary-zone airflow by partially blocking
the dome and prirary-zone holes to compensate for the air entering
through the injector, the emissions of CxHy, CO, and NOx could be
maintained at essentially conventional concentrations (no increase
in total El). The total emissions, as shown in Table XLVI, increased
only 6% with the modified liner. The substantial smoke reduction,
as seen in Figure 111, was not affected by these liner modifications.

The air-blast/air-assist fuel injector did not reduce the total
emissions and thus did not meet the contract objective of a 50%
reduction in total emissions. The intent of these tests was to
experimentally evaluate the effects of air-blast and air-assist fuel
injectors on emissions in general and on smoke in particular. As
shown in Table XLVI, the smoke (particulates) was reduced as follows:

9 DDA Air-Blast Fuel Injector - 85% reduction

* Ex-Cell-O Air-Blast Fuel Injector - 64% reduction

* Ex-Cell-O Air-Assist Fuel Injector - 26% reduction

This feature of smoke reduction with no significant effect on other
emissions can have immediate application in combus;ors which require
smoke control.

Visual examination of the combustor liners and fuel Injectors after
the test did = reveal any apparent damages.

It was recommended that an air-blast fuel injector be used in the

final combustor concept.

VARIABLE-GEOMETRY COBUSTOR

The modifications made to the T63 conventional liner to obtain a
"Variable-Geometry, Extended-Length Liner," ss shown in Figure 113,
were:

* Add 6 Inch length, of constant diameter, aft of the primary
holes.

* Close the trim and dilution hcles In the conventional liner.

• Add six rectangular dilution holes (1.621 x 1.460 circular,
arc on O.D.), equally spaced.

• Add a variable-geometry slip band over the dilution holes
such that the dilution hole open area can be adjusted at
any position from full open to full closed. The variable-
geometry band movement was in the circumferential direction.
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Figure 113. Preliminary Low-Emission, Variable-Geometry,
Extended-Length Combustor Liner.
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With the above geometry modifications, the "Variable-Geometry,
Extended-Length Liner" could operate over the following range of
calculated primary-zone equivalence ratios:

Primary Zone
Dilution Zone Variable Equivalence Ratio

Geometry Setting ( max. v2owex!)

100% Open 1.54

80% Open 1.33

60% Open 1.11

40% Open 0.897

20% Open 0.682

0% Open 0.466

The hole pattern Rnd size comparison for the "Variable-Geomnetry,
Extended- Length Liner," "Conventional Liner," and "tEx tended-Length
Liner" is shown In Figure 114. The airflow area splits for the
"Conventional Liner" and "Extended-Length Liner" were the same
and are tabulated below:

Dome Holes .. .. .. .. .. .. 11.8%

First Cooling Step . . . . . . . 11.2M

Primary Holes. . . . . . . . . . 26.3%

Second Cooling Step. .. .. ... 11.2%

Trim Holes .. . . .... 15. 2%

Dilution Holes . . . . . . . Ra

99.q%

With the above calculated flow splits, the primary zone equivalence
ratio at maximum power Is 0.77.

The "Variable-Geometry, Extended-Length Liner" as fabricated for
test is shown in Figure 115. The li5er was tested In the T63
combustor rig at all the nonregenerative T63 combustor conditions
tabulated in Table TV and at some of the regenerative T63 33mbutor
conditions tabulated in Table V. JP-4 fuel and the standard T63
pressure-atomizing fuel injector were used in all the experiments.
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Figure 115. IPrelimiAry Low-Enxitasion Variable-Geoiretry.
Exrended-Length Combustor Liner.
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The emission data at nonregenerative conditions for the "Variable-
Geometry, Extended-Length Liner" is summarized in Table XLVIII.
Emission data was obtained with the variable-geometry dilution set
at the following open positions: 100%, 80%, 60%, 40%, 20%, and 0%.
As shown in Table XIVIII, data was not obtained at all variable-
geometry cycle-point combinations. Although more combinations
could have been tested there was the limitation of fuel lean blow-
out at some variable-geometry cycle-point combinations. The
"Variable-Geometry, Extended-Length Liner" emission data (Table
XLVIII) has been compared with emission data from the "Conventional
Liner" and "Extended-Length Liner" (Table XLIX). The comparisons
for carbon monoxide, hydrucarbon, oxides of nitrogen, and smoke are
presented in Figures 116 thoough 119. The results were approximately
as predicted, except the reduction in NOx at the full-closed, maxi-
mum-power conditions was less than predicted. This could be a result
of air leakage under the variable-geometry band which would result
in a higher primary-zone fuel/air ratio (temperature) than desired
to obtain the NOx emission reduction.

Limited experiments were also conducted at T63 regenerative
conditions. The emission data are summarized in Table L and show
the same trends as the nonregenerative data:

• Carbon monoxide and hydrocarbon decrease and oxides of
nitrogen and smoke increase as the primary-zone fuel/air
ratio is increased.

• The carbon monoxide is more responsive to primary-zone
fuel/air ratio than the oxides of nitrogen.

As previously stated, it was postulated that there was significant
air leakage under the variable-geometry band when it was in the
closed position. Therefore, the band was removed and the dilution
holes were welded shut. This liner was then tested at T63 non-
regenerative and regenerative conditions. The emission results are
summarized in Table LI. As presented in Figures 120 through 123,
the emissions were compared for the following four liners:

• Conventional Liner.

0 Extended-Length Liner.

" Variable-Geometry, Extended-Length, Dilution Closed
Position.

* Variable-Geometry, Extended-Length, Dilution Welded Shur.
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TABLE XLVIII. EMISSION DATA FOR VARIABLE-GEOMETRY, EXTENDED- I-NGT)I
T63 COMBUSTOR AT NONREGrNERATIVE: CONDITIONS

Cycle Point

DILUTION ZONE VARIABLE

GLOME'RY SETTING

100% Open

co (ppm) 225.7

i,/C (ppm) 12.6 ,

NO (ppm) 40.6x I
Smoke Index 23.9

80% Open

CO (ppm) 216.4

H/C (ppm) 16.8

NOx (ppm) 39.8

Smoke Index 15.2

60% Open

CO (ppm) 209.6 1 9.9

H/C (ppm) 16.4 2.3

NO (ppm) 35.7 41.1

Smoke Index 9.1 S.22

40% Open

CO (ppm) 270.6 202.9 104.9

H/C (ppm) 23.0 9.8 1.3

NO (ppm) 28.1 35.6 48.9x

Smoke Index 0.76 2.65 4.30

20% Open

CO (ppm) - 376.0 23 ).ti 154.7 61.5
H/C (ppm) - 17.0 4.0 1.7 1.1

NOx (ppm) - 28.7 40.1 55.1 71.89

Smoke Index - 0.88 1.71 5.50 -
0% OpenC0o (ppm) - 587.4 349.5 135.2 34.4

H/C (ppm) - 40.0 8.5 1.5 1.7

NO (ppm) 33.2 48.0 59.7 90.03

Smoke Index . __. .. 1.20 3.8 4.75 4.26
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TABLE XLIX. BASELINE COMBUSTOR PERFORMAXCE DATA

Cycle Point

1 6 S 4 3 2

Convntional (Nonregenerstive)Liner -

A. Nonregenerative Conditions

1. Emissions

CO, (ppm) 893. 652. 496 383 214 75

H/C, (ppm) 100. 37. 15.8 4.1 0.7 0.6
NO,, (Saltzman)(ppm) 18.5 27.8 37.6 45.9 61.3 90.6

Smoke Number 3. 7. 12.0 17. 25.0 30.0
2. Pressure Loss .) 4.63 4.51 4.53 4.44 4.38 4.14

3. Temp. Profile 1.115 1,142 1.120 1.113 1.104 1.065
(Tmax/Tsvg)

B. Regenerative Conditions

1. Emissions I

CO (ppm) 346.2 242.5 197.2 142.9 85.8 38.0

H/C (CL)(ppm) 8.8 2.6 1.4 1.5 3.3 1.5 -4

NO (ppm) 27.0 33.6 39.7 53.8 75.8 102.9
Smoke Number o < 2* 0.83 1.35 2.05 4.5 2.5

2. Pressure Loss (%) 6.50 6.52 7.04 6.85 6.27 6.64

3, Temp. Profile 1.0765 1.0850 1.,80l 1.0634 1.065 1.055 ;I:max/Tavg)

II. Extended-Length (6-inch) Litier

A. Nonregenerative Conditions

1. Emissions

CO (ppm) 495 298 185.5 94.0 38.6 22.6

H/C (ppm) 4S. 15.8 5.1 1.0 0.5 0.4

NOX (Saltzmsn)(Ppm) 24.8 38.3 41.0 56.0 79.7 123.9

Smoke Number 1.72 3.76 3.28 2.80 4.?0 0.59

2. Pressure Loss .%) 5.10 4.61 5.09 4.91 4.74 4.59

3. Temp. Profile 1.229 1.210 1.198 1.171 1.129 1.188
(Tmex/Tavg) ..... _ _ 1 _

*All samples zero except W/A - 6
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AConventional Liner
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Figure 116. Nonregenerative T63-A-SA Combustor
Effect of Variable-Geometry on Carbon
Monoxide Emission.
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n, Conventional Liner
0 Extended-Length Liner

Variable Geometry, Extended-Length Liner
Dilution -Zone Variable-Geometry Setting:
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L80% open
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Figure 117. Nonregenerative T63-A-5A Combustor
Effect of Variable-Geometry on Hydrocarbon
Emission.
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A Conventional Liner
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Dilution-Zone Variable-,Geometry Setting120 L 0100% open
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Figure J,8. Nonregenerative T63-A-5A Combustor
Effect of Variable-Geometry on Nitrogen
Oxide Emission.
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TABLE L. EMISSION DATA FOR VARIABLE-GEOMETRY, EXTENDED-
LENGTH T63 COMBUSTOR AT REGENERATIVE CONDITIONS

Cycle Point

1. 6 5 4 3 2

DILUTION ZONE VARIABLE

GEOMETRY SETTING

40% Open

CO (ppm) 28.2

H/C (ppm) 1.2

NOx (ppm) 51.21

Smoke Index 1.60

20% Open

CO (ppm) 129.4 68.3

H/C (ppm) 1.S 1.2

NOx (ppm) 42.17 57.06

Smoke Index 0.41 0

0% Open

CO (ppm) 281.3 135.2 S1.3

H/C (ppm) 4.7 1.5 0.5

NOx (ppm) 38.52 51.07 72.27

Smoke Index 0 0 0
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TABLE LI. EMISSION DATA FOR VARIABLE-GEOMETRY, EXTENDED-LENGT
T63 COMBUSTOR-DILUTION HOLES WELDED CLOSED

Cycle Point

1 6 5 4 3 2

I. Nonregenerative

Conditions

CO (ppm) 1081.4 856.6 445.9 116.2

H/C (ppm) 110.0 52.0 7.8 1.0

NOX (ppm) 22.1 27.4 44.5 65.4

Smoke Index 1.25 1.90 4.70 4.05

II. Regenerative
Conditions

CO (ppm) 495.0 352.7 148.8 34.4

H/C (ppm) 20.0 4.5 0.8 0.6

NOX (ppm) 24.5 35.2 54.1 93.0*

Smoke Index 0 0.23 0.78 -

*This value adjusted to Saltzman value.
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1000 -Conventonal-
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F1igu re 120. Nonre~ernerative T63-A-SA Combustor
Carbon Monoxide Eilssion Data Combustor for
Fxtended-Length Liner; Variable-Geometry,
ExendedLengthDilution Closed Position;
Variable.Geometry £xtended-Length. Dilution
Welded Closed; Conventional Liner.
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Figure 123. Nonregenerative T63-A-5A Combustor
Smoke Data Comparison for Extended-Length Liner;
Variable-Geometry Extended-Length, Dilutioi* Clzced
Positiont Variable-Geometry, Extended-Length,
Dilution Welded Closed; and Conventional Liner.
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The emission data in Figures 120 through 123 show that there
was leakage under the 'ariable-geometry ban, - significant
differences in the emissions were obtained when the dilution holes
were welded shut.

The pressure loss data, summarized in Table LII, shows that the
pressure loss increased when te dilution holes were welded shut.
This confirms the above conclusion that there was leakage under
the dilution band. The pressure loss data in Table LII also
leads to the obvious conclusion that if variable geometry is
applied in a combustor, both the primary zone and dilution zone must
have variable geometry to avoid high pressure loss.

The exhaust temperature profile data is summarized in Table LIII.
At most variable-geometry settings, the temperature pattern was
better than the "Extended-Length Liner" but worse than the con-
ventional liner.

The emission response (changes in emission with geometry settings)
was calculated, and the results are presented in Figures 124
through 127. In general, the CO, H/C, and smoke had a much greater
response than the NO . For example, as shown in Figure 127, the
CO increased by approximately 370% and the NO decreased by 50%
at maximum power when the dilution hole area 4as changed from full-
open to full-shut positions.9; An optimization program, developed in Task 2 studies, was applied
to calculate the emission index for the "Variable-Geometry,
Extended-Length Liner." The problem wasto select the optimum
geometry setting to obtain the minimum total emissions. The cal-
culations were made for the following two cases:

* Constrained case - None of the individual emissions
(CO, CH, NOx, particulates) could increase.

* Unconstrained case - The total emissions were minimized, but
individual emissions were allowed to increase if necessary to
obtain minimum total emissions.

The optimum geometry settings for minimum emission index for the
two cases are summarized as follows:
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TABLE LII. COMPARISON OF PRESSURE LOSS % FOR VARIABLE-GEOMETRY
LINER WITH BASELINE COMBUSTOR LINERS

- 'i7 6 Cycle Point

S_ 4 3

1. Variable-Geometry, Extended-
Length Liner

A. Nonregenerative Condi-
tions
Dilution Zone Variable

Geometry Setting

100% Oper. 3.14

80% Open 3.42

60% Open 3.82 3.99
40% Open 4.14 4.46 4.57

20% Open 5.26 5.73 5.81 5.48

0% Open 7.06 6.68 6.51 6.30

Dilution Welded Close S.81 9.40 8.79 8.28

B. Regenerative Conditions

Dilution Zone Variable

Geomptry Setting

100% Open

80% Open

60% Open

40% Open 6.26

20% Open 8.42 8.43

0% Open 9.90 10.04 9.05

Dilution Welded Close 13.82 13.64 12.27 12.49

Il. Conventional Liner

A. Nonregenerative Condi- 4.63 4.51 4.53 4.44 4.38 4.14
tions

B. Regenerative Conditions b.50 6.52 7.04 6.85 6.27 6.64

Ill. Extended Length Liner

A. Nonregenerative Condi- 5.10 4.61 5.09 4.91 4.74 4.59
tions

- . _ _ _ _ _ _I __ _-__ _

2.
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TABLE LIII. COMPARISON OF EXHAUST TEMPERATURE PROFILE (T /T ) FORmax avg
VARIABLE-GEOMETRY LINER WITH BASELINE COMBUSTOR LINERS

Cycle Point

1 6 S 4 3 2

I. Variable-Geometry Extended-

Length Liner

A. NonregLnr.-ative Conditions

Dilu" ss Zone Variable

Geometry Setting

100% Open 1.2543

80% Open .1821

60% Open 1.1692 1.1127

40% Open .1189 1.1129 1.1292

20% Open 1.0883 1.0803 1.0842 1.0579

0% Open 1.1027 1.1446 1.1396 1.1571

Dilution Welded Close 1.1855 1.1651 1.1814 1.1465

B. Regenerative Conditions

Dilution Zone Variable

Geometry Setting

100% Open

80% Open
60% Open
40% Open 1.0623

20% Open 1.0803 1.1573

0% Open 1.1024 1.0702 1.0662

Dilution Welded Close 1.1172 1.1202 1.1110 1.1117

Il. Conventional Liner

A. Nonregenerative Conditiona 1.115 1.142 1.120 1.113 1.104 1.065

B. Regenerative Conditions L.0765 1.0850 1.0801 1.0634 1.065 1.0505

III. Extended Length Liner

A. Nonregenerative Condi- 1.229 1.210 1.198 1.171 1.129 1.188
tions
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Notes:

1. Baseline was 100% geometry setting.
2. All values less than 0.1 were plotted as 0.1.

Symbol Identification:

> Carbon Monoxide

0 Oxides or Nitrogen

0 Hydrocarbons-

iAl Smoke

.,
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-0 O1 20 30 4,0 50 6 T7 0' 90 100
Dilution Zone Variable 0eonetrY 8etting-Percont open

Figure 124. Nonregenerative T63-A-SA Combustor
Response of Ei~mssion to Variasble Geometry,
Cycle Poit 1 (10% Power).
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100.-

--Notes:

1. Baseline was 60% geometry setting.
2. All values less than 0.1 were plotted as 0.1.

Symbol Identification:

- Carbon Monoxide

0 Oxides of Ntrogen
=o 0 Hydrocarbons

AA Smoke
3.0. F

4)

4-4
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0.
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-- Figure 125. Nonregenerative T63-A-S5A Combuator
Response of Emission to Variable Geometry
Cycle Point 6 (25% Power).
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Notes:

1. Baseline was 40% geometry setting,

2. All values less than 0.1 were plotted as 0.1.

Symbol Identification:
'N K> Carbon Monoxide

0] Oxides of Nitrogen

0 Hydrocarbons

Z A Smoke
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figsure 126. Nonregenerative T63-'A-SA Combustor
Response of Emiesion to Variable Geometry
Cycle Point 5 (40O% Power).
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motes.

1. Baseline (100) is the "Extended-Length Liner"
with conventional air admission hole sizes.

+ 4 2. Emission response values are for the "Extended-
Length Liner" with the trim and dilution holes
welded shut.

044

0

q4

0m

07
0%do O

0 10 20 30 40 50 60 TO 80 90 100
Dilution Zone Open Ame (Pteent)

Figure 127. Nonregenerative Th3-A-SA Combustor
Response of Emission to Airflow Split in Extended-
Length Liner at Cycle Point 1 (Kax. Power).
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0 Constrained case:
Dilution-Zone Variable-

Percent Power Geometry Setting

10 '40

40~ '40

55 20

75 0

100 0

X

0 Unconstrained case:

Dilution-Zone Variable-
Perent Power Geometry Setting

10 60

40 40

55 20

75 20

The emission Index values are sunmmarized in Figure 128. The

uncnstaind cseprovides 55% reduction in ttleisos n
thecontranedcase gave a 38% reduction as shown in Table XLVI.
Th otatobjective, as stated In the Introduction, Is a 50%A

reduction without an increase In any Individual pollutant (con-
strained case). Therefore, the variable-geometry must be combined
with some other low-emission concept to meet the contract objective..

Inspection of the liner and combustor rig hardware after the test
showed no apparent damage.

The "Variable-Geometry, Extended-Length Liner" demonstrated an

approach for achieving significant total reductions in emissions.
The primary payoff in the T63 LON duty cycl, Is to control CO andI
)I/C emissions at low power and NOx aid smoke at high power. How-
ever, the emission reduction was not enough to meet the contract
objective of 50% reduction in total emissions without an increase
in any specific pollutant. If the latter reittrsint ts removed, the
demonstrated total reduction In emissions was 514.9%. ffoweverwith
the restraint, the total emission reduction is 37.6%. Therefore, '
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if variable geometry is applied in the final concept, it must be
combined with some other low-emission concept to meet the contract
objectives.

,EARLY- OUENCH COMBUSTOR 4

As a result of the Task 2 concept analysis and selection studies, -.j
an early-quench concept was selected for experimental evaluation.
The concept is to move the primary holes closer to the dome.
task 2 analytical studies indicated that both CO and NOx should

r decrease because:

~W ith the smaller primary zone, the reactinn zone residence
time is less, thus allowing less time for NO, formation.
The airflow through the primary holes (assuming S0% flow A: upstream and 5096 downstream) which flow downstream quenches !

te reaction at an earlier time.

• * he intermediate temperature zone (distance from primar'
holes) residence time increases. Thus, additional time is
provided to consume the CO, CxHy, and carbon.

The early-quench concept was combined with the previously described

extended-length concept for experimental evaluation. This comn-
bustor liner was termed "Early Quench. Extended-Length Liner".

The modifications made to the conventional T63-A-SA liner to obtain
an "Early Quench.. Extended-Length Liner" were:

* Add constant-diameter, b-inch-length section between the
primary holes and the film coolant step.

* Close original row of primary holes.

- Add new row of primary holes (same as original, T63
conventional), In new location which is O.b 4-inch closer
to the dome than the conventional.

Thz hole patterns and sizes for the "Early-Quench. Extended-
Length Liner," "Conventional Liner," and "Extended-Length Liner"
are shoon in Figure 129. All three liners had the same aIrflow
area split as tabulated below.
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Dome Holes. .. .......... 11.8%

First Cooling Step .. .... ... 11.2%

Primary Holes . . ............ 26.3%

V.Second Cooling Step . . . . . . . . 11.2%

Trim Holes . . . . . .. ........ 1S.2%

Dilution Holes . . . . . . . . . .*4

99.9%
With the above calculated flow splits, the primary zone equivalence
ratio at T63 maximum power is 0.77.

The "Early-Quench, Extended-Length Liner" which was fabricated for
test is shown in Figure 130.

The "Early-Quench, Extended-Length Liner" was tested in a T63 com-
bustor rig at the nonregenerative T63 combustor conditions tabulated
In Table IV. The emission, pressure loss, and temperature profile
results are summwarize~d and compared with the "Conventional Th3-A-SA
Liner" a&~ the "Extended-Length Liner" in Table LIV. All ttir'e
liners were tested with the conventional Th3 pressure atomizing
fuel injector and JP-4 fuel. As shown In Table LIV, data was not
obtained for the "Early-Quench, Extended-Length Liner" at cycle
point .1 (idle - 10% power) because of loan blowot. By moving the
primary-zone holes closer to the dome, the privdry zone was now over-
l'aded and the poor performance at other cycle points could be

a ticipattd.

ixide of nitrogen, carbon monoxide, hydrocarbon, and smoke emission
results for the "Early-Quench, Extended-Length Liner," "Extended-
Length Liner, and " Convent Iona). Liner" are plotted In Figures 131
through 13%.. Comparison of the emission data in these figures shows:

0 The predirted reduction (Task ? -audies) in NOx and CO was
not obtained. The probable causes are overloading the
primary zone and rtducd recirculation.

*For the some ese liners ("Early-Quench, Extended-Length
Line .' and "Extended-Length Liner"), the early quench
effect was to increase the CO, Cxliv, and smoke. The fOK
was approximately the same for both extenided-length liners.
If the Saltaman, Mi, analysis is assummed to be valid, the
Mx) Increased slightly. If the lI)IR. ?()UV9 W)( analyeis
israssumnd to be valid, the NOX decreased slightly with
early quench.
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TABLE LIV. COMPARISON OF T63 NONREGENERATIVE EMISSION/COMBUSTOR
PERFORMANCE -F (1) CONVENTIONAL LINER, (2) EXTENDED-
LENGTH LINER, (3) EARLY-QUENCH, LONG LINER.

~Cycle Point

I. Conventional Liner - yl on

qA. Emissions 1 6 514 3 2 1
Co. (ppm) 8 652 496 383 214 7

H/C,(ppm) 100, 37 15.81 4.1 0.71
N0, (On-Line, NDIR & NDUV) (ppm) 17.0 32.O 41.1 45.6 58.0! 81.0'

NO , (On-Line, CL) (ppm) "17.2 23.4 32.6 40.7 56.31 60.61 I
NO (Saltzman) (ppm) 18.5 27.8 37.6 45.9 61.3 90.6

Smoke Number 3. 7.i 12. 17. 25. 30.

D. Pressure loss 4 .63 4.511 4..31 4.44 4.38 4.1

C. Temp. Profile (TX/Tavo) 1.115 1.142 1.1201 1.113 1.104 l.06

II. Extended Length Liner - I

A. Emissions

Co. (ppm) 1 '495 298 185.5 94.0 38.6 22.61

H/C,(ppm) 49. 15.8 5.1 1.0 0.5 0.41

NO ,(On-Line, NDIR & NDUV)(p~m) 2S.0 33.0 39.5 56.5 72.0 119.5

NO X, (On-Line, CL) (ppm 19.0 26.5 35.0 47.0 68.0 113.3

NO x , (
S a ltzman) 24.8 38.3 41.0 56.0 79.7 123.9

Smoke Number 1.72 3.76 3.28 2.80 4.20 0.59

B. Pressure Loss (%) 5.10 4.61 5.09 4.91 4.74 4.59

C. Temp. Profile (Tm /Tv) 1.229 1.210 1.198 1.171 1.129 1.180max Avg

Ill. farly Quench-Long Liner

A. Emissions

Co, (ppm) 465.2 389.9 257.6 139. 56.7

H/C, (pm) 4, 120.0 38.0 10.4 2.1 1.2

NO x (On-Line, NDIR & NDUV) (ppm) 27.5 35.0 42.0 68.0 111.5

NOx, (Saltzman) (ppm) 29.0 42.8 57.1 82.6 124.1

Smoke Number 11.5 12.9 20.5 22.5

B. Pressure Loss (%) 4.59 4.91 4.78 4.68 4.36

C. Temp. Profile (Tmax/Tav&) 1.3023 1.206 1.2519 1.1938 1.1611
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Figure 131. Nonregenerative T63-A-SA Combustor
Carbon Monoxide Data Comparison for
Conventional Liner.
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Figure 132. Nonregenerative T63-A-5A Combustor
Hydrocarbon Emission Data Comparison for
Conventional Liner, Extended-Length Liner,S
Early-Quench Liner.
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The emission data shown in Figures 131 through 134 as PPM were
converted to emission index for the LOH duty cycle. The relative
emission index values for the three liners, as presented in
Figure 135, show that for the same size liners (extended-length
the early quench significantly increased the total emissions.
Early quench also degraded the temperature profile as shown in
Table LIV.

The early-quench approach used in this particular study signifi-

cantly increased the emissions. This was probably due to over-
loading of the primary (reaction) zone and reduced primary-zone
recirculation. Perhaps there is a better approach for achieving

early quench in the T63 combustor, such as moving some of the
dilution zone air forward instead of moving the primary-zone for-
ward. This would probably reduce the NOx but the CO, CxHy, and
smoke would increase. A better "total-emission" approach would be

to move the first-row primary holes further from the dome to in-
crease the primary-zone volume. This would probably cause a small
increase in NOx but might significantly reduce the CO, CxH and smoke.

The early-quench approach tested for the T63 combustor did not
improve the emission reduction and its inclusion in the final con-
cept was not recommended.

The effect on emissions of moving the primary-zone holes to the
rear instead of forward should be experimentally investigsted in an
extended-length liner.

DELAYED DILUTION COMBUSTOR

The "Extended-Length" combustor concept, as previously discussed in
this appendix, reduced the total emissions by 52%. However, the
"Extended-Length" combustor was 6 inches longer than the conventional
T63-A-SA combustor. The same concept of delayed-dilution, combustor
could be applied in the conventional-length T63-A-SA combustor by
a redesign to relocate the trim and dilution holes. The delayed
dilution would increase the residence time in the intermediate
zone. As shown in the Task 2 analytical studies and the experi-
ments with the "Extended-Length" combustor, the CO, CxHy and C
emissions should decrease and the NOx should increase slightly.

The delayed-dilution concept was applied to the conventional-length
T63-A-SA combustor to determine the effect on emission performance.
The only modifications made to the conventional T63-A-5A liner
to obtain a "Standard-Length, Delayed-Dilution Liner" were:
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0 Close the trim and dilution holes in the conventional liner.

* Add six 0.921 inch-diameter dilution holes, equally spaced,

at a distance of 2.1 inches from the liner exit. (The hole
area of these six dilution holes is equal to the total area
of the trim and dilution holes in the conventional liner.)

The hole pattern and size comparison for the "Standard-Length,
Delayed-Dilution-Zone Liner" with the "Conventional Liner" is shown
in Figure 136. The primary design change, as It influences emissions,
was to increase the reaction length for consuming the CO, CxHy, and
carbon from 1. inches to 4.76 inches prior to the final quench.

The airflow area split was the same for both liners, as shown In
Figure 136, and is tabulated below:

Dome Holes . . . . . . . . . . . . . . 11.8%

First Cooling Step ...... . . . .11.2%

Primary Holes ........ . . . . . . . 26.3%

Second Cooling Step. . . . . . . . . . 11.2%

Trim Holes ........... . . . 15.2%

Dilution Holes . . . . . . . . . . .

99.9%

With the above calculated splits, the primary-zone equivalence ratio
at maximum power is 0.77.

The "Standard-Length, Delayed-Dilution-Zone Liner" which was fabri-
cated for test is shown in Figure 137.

The "Standard-Length, Delayed-Dilution-Zone Liner" was tested in a I
T63 combustor rig at the nonrllenerative T63 combustor conditions
tabulated in Table IV. The emission, pressure loss, and temperature I
profile results are summarized and compared with the "Conventional
fb-A-.A Liner" and the "Extended-Length-Liner" in Table LV.

Oxides of nitrogen, carbon monoxide, hydrocarbon, and smoke emission ,

results for the "Standard-Length, Delayed-Dilution-Zone Liner" are
compared with the emissions trom the "Conventional Liner" and
"Extended-Length Liner" in Figures 138 through 141. Compared to

the "Conventional Liner", as predicted ifn the Task 2 concept .
studies, significant reductions were obtained in C , and
smoke. The NO was approximately the same. However, th reduction
in CO, /C, ans smoke was not as great as the "Extendod-Length
Liner." This is as predicted because the "Extended-Length Liner"
had a longer residenc# time in the Intermediate zone in which to
consume the CO, CxHy, and carbon. -
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TADLX LV. COPARISON OF T63 NOWa1CENERATIVE EMJSSIOM/CONDUSTOR

PERFORM4ANCE Of (1) COWENTONIAL LIM~, (2) DXTEDW-
LENGTH LINER, (3) STANDARD-LFNGTH. DELAYED-DUTIlON-
ZONE LINER

I. Conventional Liner - - - -o-n-

A. Wslons 1 6 s 3 2

co. (Ppm) 3 62 4 8 21 7
I/C, (PPm) 100 37 13.6 4.1 0.7 0.
No .(Ofl-Line, ?IIR & ?UV)(ppim) 17.0 32.0 r1.1I %1.8 38S.0 01.

No *(Saltzman) (p) IS.S 27.0 37.6 4S. 61.3f9.

C.Temp. Profile 1.71 1.4 10 .1 1.104 1.08$

11.aEtoode Woth Liner
A.calssions

CO. W~pm) %9$ 26 165.S WO. 30.6 U2.6

M)-inNIft 4 MNV) (ppmi) 23.0 33.0 "8.S S6.S 72.1 119,S
A O-Iw I)(~m 19.0 26.3 33.0 47.0 ".4 113.)

MOIL (So I town) Wep) U-.3 01.0 S6.0 19.7, 123.9

0I q abe .7 .76 31 2.0 0.20 0.39

C,?p..fit( -.29 -.1 -1 1. .1

t rd ltc~h-tIpd SY te 80

Cl 6~ 19 011 213 U33.4 146.01 41.2

U/C.) (q os W W .o.

Sae 0.01ec 2.10 p.83 ?.0 .%I - 3.0 .11
0. t~arolem (U 102S.3 it3 %As 3.02 .14

"h ktam" a te for tki$ im". &lot OatK te mao
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The emission data shown in Figures 138 through 141 as PPM were
converted to emission index for the LOH duty cycle. As shown in
Figure 142 and Table XLVI, the total emissions were reduced 38%
without any increase in individual emissions. Although this
simple liner modification did not meet the contract objectives of
50% reduction, it does demonstrate that this feature of delayed
dilution should be incorporated into the final concept selection.

One problem of major concern in the "Standard-Length, Delayed
Dilution Liner" concept was the effect on temperature profile.
This potential problem exists because of shorter distance for the
dilution air to mix with primary-zone air. The temperature pro-
file results, presented in Figure 143, show that it was
worse than the "Conventional Liner" but about the same as the
"Extended-Length Liner." Although the profile is probably not
acceptable for an engine, it is a less severe problem than
anticipated and could be resolved in a development program. No
attempt was made in the design to optimize the dilution hole size
or radial locations. However,in the next concept, a preliminary
evaluation will be made of one approach for improving the tempera-
ture profile. The approach will incorporate a smaller L/D dilution
zone.

Inspection of the liner and combustor rig hardware after the test
showed no apparent damage.

The "Standard-Length, Delayed-Dilution-Zone Liner" demonstrated
a simple approach for achieving significant reductions (38%) in
the emissions from the T63-A-SA combustor. This concept, if
combined with other concepts, could probably meet the contract
objective of 50% reduction in emissions.

DELAYED/ANNULAR DILUTION COMBUSTOR

This combustor concept was the same approach as the previous de-
layed dilution concept except that an extension to the standard
turbine bearing support centerbody was included to create a single-
sided annular dilution design. It was anticipated that a single-
sided annular dilution might improve the dilution air mixing by
allowing a higher L/D region between the dilution holes and
combustor exit.

The centerbod extension was an air-cooled, all-metal centerbody
extension. The modifications made to the conventional T63-A-SA
liner to obtain a "Standard-Length, Delayed-Dilution, Annular-
Dilution Liner" were:
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V
* Close the trim and dilution holes in the conventional liner.

* Add twenty 0.285-inch x 0.714-inch dilution holes, equally
spaced, at a center distance of 2.1 inches from the liner
exit. (The hole areas of these twenty dilution holes are
equal to the total area of the trim and dilution holes in
the conventional liner.

0 Add an air-cooled all-metal centerbody extending 3.12 inches
upstream from the liner exit. Size the cooling holes for
3.9% of the combustor airflow.

* The hole pattern and size comparison for the "Standard-Length
Delayed-Dilution,Annular-Dilution Liner" with the "Conventional
Liner" is shown in Figure 144. The primary design change, as it

* influences emissions, was to increase the intemediate-zone
reaction length for consuming the CO, CxHy, and carbon. The length
was increased from 1.5 inches to 4.76 inches. Tbh airflow area
split was slightly different. The flow splits and primary-zone
equivalence ratios are tabulated below:

Conventional and Standard-Length, Delayed-
Extended-Length Dilution, Annular-Dilution

Liners Liner

Dome Holes . . . . . . . . . 11.8% . . . . . . . . 11.3%

First Cooling Step ..... 11.2% . . . . . . 10.7%

Primary Holes. . . . . . .. 26.3% . . . . . . . . 25.4%

Second Cooling Step ..... 11.2% . . . . . . . . 10.7%

Trim Holes ...... . . .15.2%

Dilution Holes . . . . . . . 24.3% . . . . . . 38.0%

Dilution Centerbody .... - . . . . 3.9%
Cooling

100.0% 100.0%

Primary Zone
Equivalence Ratio. . . . . . 0.77 . . . . . ... 0.80

With the above calculated flow splits, the primary-zone equIvalence
ratio at maximum rower is 0.77 for the conventional liner and 0.80
for the delayed/annular dilution liner.
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The "Standard-Length, Delayed-Dilution, Annular-Dilution Liner" which
was fabricated for test is shown in Figures 145 and 146.

The "Standard-Length, Delayed-Dilution, Annular-Dilution Liner" was
tested In a T63 combustor rig at the nonregenerative T63 combustor
conditions tabulated in Table IV. The emission, pressure loss, and
temperature profile results are summarized and compared with the
"Conventional T63-A-SA" and the "Standard-Length, Delayed-Dilution"
combustors in Table LVI.

Carbon monoxide, hydrocarbon, oxides of nitrogen,. and smoke emission
results for the "Standard-Length, Delayed-Dilution, Annular-Dilution
Liner" are compared with the emissions from the "Conventional Liner,"
"Extended-Length Liner" and "Standard-Length, Delayed-Dilution" in
Figures 147 through 150. Compared to the "Conventional Liner" as

W predicted in the Task 2 concept studies, significant reductions were
obtained in CO and CxHy. The NOx was approximately the same, but the
smoke was higher for all conditions. The reduction in CO and H/C
was not as great as for the "Extended-Length Liner." This is as pre-
dicted because the "Extended-Length Liner" had a greater reaction-
zone length in which to consume the CO CxHy, and carbon.

The emission data shown in Figures 147 through 150 as PPM were con-
verted to emission index for the LOH duty cycle. As shown in Figure
151, which compares both standard-length delayed-dilution combustion
liners, the total emissions were.reduced 34% for the delayed/annular-
dilution liner without any increase in individual emissions. Although
this simple liner modification did not meet the contract objectives of
50% reduction, It .does demonstrate that thils feature of delayed dilu-
tion should be incorporated into the final concept selection..

One problem of major concern in the "Standsrd-Length, Delayed-Dllution,
Annular-Dilution Liner" concept was the deterioration of the exit
temperature profile. This problem exists because of shorter distance
for the dilution air to mix with primary-xone air and because the1
annular dilution does not permitcirc mferentlal mixing. The tempera-
ture profile results are presented in Figure 152 and show that the
"Standard-Length, Delayed-Dilution, Annular-Dilution Liner" was much
worse than the "Conventional Liner", "Extended-Length Liner," and
"Standard-Length, Delayed-Dilution Liner." No attempt was made, in
the design to optimize the dilution hole size or radial locations.

Inspection of the liner and combustion rig hardware after the test
showed no apparent damage.

The "Standard-Length, Delayed-Dilution-Zone Liner" demonstrted a
simple approach for achieving significant reductions (34) in
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TABLE LUI. COMPARISON OF T63 NONREGCNERATIVE EMISSION/COMDUSTOR
PERFORMANCE OF (1) CONVENTIONAL LINER; (2) STAND)ARD-
LENGTH, DELAYWV-DILtUTION, ANNULAR-DIWUTION-ZONE LINER:
(3) STAND)ARD-LENGTH, DELAYED-DIWUTION-ZONE LIME

1. Conventional Liner .. Cycle Point

Nox(nLnNI NOUV) (pp.) 17.0 32.0 111 %. 40 8.

11A5 27.6 37.5 %S.9 41.3 90.6

lSoke 1hmbeu 3. 1. 12. 17. 21. 30.

C. Temp. Profile (T /T) 1.115 1.14? 1.110 1.113 3104 1.06%I

Anaauar-Dibtion Zon. Liner
A. Lmissions

CO. (ppm) 125.3 370.01 300.1 223.4 1162. t 72.5
IfC (pp) 05.0 26.0 12.0 SA1 1.2 .4
0 1 , (On-Line, ND1R & DQV)(pp"i) 24.5 2s.0 33.5 39.3 5.0 16.

* ($urwan) (ppm). 19.5 30.9 W0. %S.2 "A 6
ftkeIw 640 11.5 5.50 20.05 30.63

11. pr5." We 1 .35 1.93 5.36 526 .99

c. To"p. Proile ITfl 1'3 1.51.271 1)10 1.m6 1.192

o0196MU 4 Zen7 13618. i

uC. (ppa) fg 12 Its U.24 0

p0.(Onp-Li.. map &As (PON) ". Ws6 W05 6. W s %I.1

* (I ssn*) I~. 313 0.2 Stot 77.6 USA1
on" ~ 15 60 *6.0 7 .619.0 11.5S

I. Preossee Loft $i .'a S.11SA %.7 .a0 5.0a. 4.3w

*I" $a-i data 1w Wei User owh mt. be oeme dot
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the emissions from the T63-A-SA combustor. This concept, if crom-
bined with other concepts, could probably meet the contract objec-
tive of 50% reduction in emissions. Howeve, it should be incor-
porated without the annular dilution feature.

IREM D-CUP/GASEUS-. FUEL COB.USTOR

One of the potential concepts selected in the Task 2 studies was
the "Extended-Length, Premix-Cup/Gaseous-Fuel Combustor Liner."
The concept was to mix the gaseous propane and primary-zone air
in a premix cup. This mixture was then injected into the primary-
zone through seven jet, flame-stabilization holes. Task 2 studies
indicated that both CO and NO should decrease because:

! x

0 With premix/gaseous fuel, hot spots (zones) would be elim-
inated and the NO , CO, H/C ,and smoke would be reduced.

* The jet-stirred primary-zone should provide a well-stirred
primary-zone reaction chamber with rapid conversion to
plug flow. These conditions, if achieved, are favorable for
low NOx and CO emissions.

0 Previous experiments in Task 2 had shown that the extended
length would significantly reduce CO and H/C emissions with
a small increase in NOx emissions.

The "Extended-Length, Premix-Cup/Gaseous-Fuel Combustor Liner" was
designed for the T63 nonregenerative combustor operating condi-
tions tabulated in Table IV.

A completely redesigned primary zone and fuel injection system were
fabricated to obtain the "Extended-Length, Premix-Cup/Gaseous-Fuel
Combustor Liner." The only part of the conventional T63 liner
retained in the design was the dilution zone section. The
"Extended-Length , Premix-Cup/Gaseous-Fuel Combustor Liner", as
shown in Figure 153, has the following characteristics:

* The total length is 15.56 inches compared to 9.56 inches for
the conventional T63 liner.

* The fuel injector system was designed for gaseous propane
operation. As shown in Figure 153, the propane is in-
jected from the fuel feed tube into the premix cup through
45 of 0.0468-inch diameter holes.

* The propane-air premix chamber was 3 Inches in diameter x 3.15
inches in length.
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* The premixed propane-air was injected'into the primary zonethrough seven jet. holes ..Of 0.687-inch diameter as shown in

Figure 154. The expansion of these jets into the larger
primary zone should provide the recirculation necessary for• ! f1lame stabilization. : ,

. The primary: zone was convection cooled, as shown in
-Figure 153,. instead of: the -conventional film cooling.

0. • The airflow distribution for the "Exterided-Length, Premix-: :"Cup/Gaseous:,Fuel Combustor Liner" was designed £or the same :.

flow distribitiol as the convefitonal T63 liner which is
* tabulated bei.ow:

Dome Holes .... . .• , .. 11.8%

First Cooling Step ..... .• 11.2%

-Primary oles ..... ..... 26.3%

Second Cooling Step . . . . . 11.2%

Trim Holes . . . . 15.2%

* Dilution Holes. . . . . . . . 2

p f99.9%

With the above airflow distribution, the design equivalence ratio
at maximum power for the T63.iS 0.77.

- The "Extended Length, Premix-Cup/Gaseous-Fuel Combustor Liner" was
f to be tested at the conditions tabulated in Table IV. The tests

were conducted at steady-state conditions, in the DDA Combustion

F Research Laboratory, using gaseous propane fuel. Emission data
were obtained at only Cycle Point 1 (Idle - 10% Power). An
:additional line of data,except for emission data, was obtained at
Cycle Point 3 (75% Power Setting). The emission, pressure loss,I
and temperature profile results are summarized and compared with
the 'Conventional T63-A-5a Liner" and the "Extended-Length Liner"
in Table LVIL•

From the data comparison presented in Table LVII, the following
conclusions are obvious:

* he- Temissions are extremely high.

:. The temperature profile (Tmax/T)av is excessive.

Therefore, there was no justification for conducting the experiments
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TABLE LVII. COMPARISON OF T63 NMmEGENERATIVE EMISSION/CONWSTOR
PERFORMANCE OF (1) CONVENTIONAL COMBUSTOR, (2) EX-
TENDED-LENGTH COMBUSTOR, AND~ (3) LXIEE3ED-LEkI3TH,
PRENDX-CUP/GASCOUS-FUiEL COMUSTOR

I. Conventional Liner Cycle Point - -

A. Ioiuuions 1 S 3 2

cc, (ppum) 013 652 1126 383 2114 is
IfC, (PP.') 100 37 15.8 14.1 0.7 0.6

No (O-Lie, Da & NDUV) (ppm) 17.0 32.0 '11.1 4sS.6 53.0 61.0
s,(On-Linh, CL) (ppm) 17.2 23.'s 32.6 's0.7 56.3 10.4

00(Sltmn) (ppm) 18.5 27.6 37.6 4S.9 61.3 90.6

N/CTamp. rfle) mx/as '. 1.34 .1 1.01 1.05 .6SI

so.(ofl-LiflS, CL) (ppm) 19.0 26.5 3S.0 's7.0 U6.0 113.3
0 (Sltman) (ppm) "'.4 33.3 's1.0 $6.0 79.7 113.9

Sneke Nimbe, 1.71 ).76 3.23 2.60 's.20 05

6S.Pressure Lose (in) 5.10 4.61 .09 4.91 14.., s

C. Temp. Profile (Tsx/T.s) 1.229 1.410 1..196 1.171 1.129 1.1 In
xtended Length-PromIx Cupvaeue

to. (ppm) lass2.4

U/C' (pp.) 00.

NO*(Soltumau) (ppm)

Smk* Im
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at the other experimental cycle point conditions.

Cold-flow, aerodynamic tests with the liner showed that the problem
Is clearly the result of Insufficient recirculation In the primary-
zone. This Is illustrated in Figures 155 and 156. Figure 155 shows
the airflow pattern across the propane-air jets (see Figure 154), and
Figure 156 shows the pattern between the jets. As shown in Figures 15S
and 156, there was essentially no recirculation in the primary zone.

Inspection of the liner and combustor rig hardware after the test
showed no apparent damage.

The "Extended-Length , Premix-Cup/Gaseous-Fuel Combustor Liner"
did not provide the anticipated reduction in emissions because of
inadequate primary-zone recirculation. As shown in Table LVII,
Its emission performance was worse than the conventional T63
combustor and the other combustors tested in this program.

The recommended method for Increasing the reirculation Is to use

swirl. This was incorporated into a subsequent premlx/swirl
combustor concept which was designed to operate on either gseous [
propane fuel or liquid JP-4 fuel by changing the fuel inj,-.ot r.
However, as discussed In a later section in this appendix, only
liquid fuel tests were conducted, as reported, because (1) subse-
quent progress indicated that program objectives could be- et with-
out the gaseous fuel data and (2) time and funding requirements
limited the effort.

We .M ..

One of the potential concepts selected in the Task 2 studies was,
the "Extended-Length ,- Plug-Flow/Canted-Primer, Cobustor. Liner."
The concept was to provide a well-mixed, stirred reactor zone
with rapid conversion to plug flow. Task 2 studies indicated that
both CO and NOx should decrease because:

A main source of NOx and CO emissions In conventional
combustors is the nonuniforlty in temperature .High-
temperature zones gjenerate high NOx and ,conversely, low-
temperature pockets cause high CO. Uniform temperature
profile is ideal for minimum CO and NO emissions.
The design goal was to provide well-mixed, stirred reactor
conditions. which mplies homogeneous composition and
uniform temperature profile.

*. Plug flow (one-dmensional floe) gives the most rapid "burn-
out" (reaction rate) of the CO and H/C after Ignition. Task
2 studies predicted significant CO reductions with plug flow.
The same studies showed no effect (increase or decrease) on
No whether it was plug flow or perfectly stirred (zero-
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dimensional flow).

* Previous experiments in Task 2 had shown that the extended
length would significantly reduce CO and H/C emissions with
a small increase In NO emissions.

The "Extended-Length, Plug-Flow/Canted-Primsry Combustor Liner"
was designed for the T63 nonregenerative combustor operating
conditions tabulated in Table IV.

A redesigned combustor liner was fabricated to obtain the
* "Extended-Length , PlugrFlow/Canted-Primary Combustor Liner" shown

in Figure 157. The only part of the conventional T63 liner
retained in the design was the dome section and the conventional~pressume-atomsilng dual-orifice fuel injector. The redesigned

liner had the followin% characteristics:

* The total length Is 15.56 inches compared to 9.56 Inches
for the conventional T63 liner, as shown in Figure 158.

Part of the liner, just downstream of the primary zone, was
convection cooled instead of film cooled. The convection-
cooled length was approximately 5.2. inches.

* The primary air was Injected through twelve 0.5-inch I.D.
tubes in a canted, upstream direction.-The primary zone as
sized to allow one recirculation loop In the primary. Re-
circulation was to be provided by thoe jet induced flow from
the twelve prlavy air tubes.

* A contraction was Installed at the primary-sone exit to
cause rapid conversion from recirculation.flaw to plug flow..

* As shown in Figure 1S, the conventional 11er tri nd.
dilution holes were combined Into a single row of dilution
holes. This row of holes was located fer enough downstream.
to allow sufficient residence, tim to Consume the CO, N/C,
and C in the intermediate sone between the primry and
dilution holes.

t The sirflow distribution for the "Extende&Length, Plug-
r low/Canted-Prmary Combstor Liner" was desined to be
the same as that of the Conventional T63 liner, which is
tabulated below:
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: i m t

Dome Holes . . . . . . . . . . . 11.8%

First Cooling Step . . . . . . . 11.2%

Primary Holes. . . . . . . . 26.3%

Second Cooling Step . . . . . . . 11.2%

Trim Holes . . . . . . . . . . . 15.2%
Dilution Holes . . . . . . . . .242

99.9%

With the above airflow distribution, the design equivalence ratio
at maximum power for the T63 is 0.77.

The above described, initial design "Extended-Length, Plug-Flow/
Canted-Primary Combustor Liner" was cold-flow tested and hot-flow
tested at the T63 u tonrepnerative combustor conditions outlined
In Table IV. The data Indicated Inadequate recirculation in
the primary zone. Thereforethe combustor was redesigned into
Modification "A" to improve the recirculation. Modification "A",
as shown In Figure 159, Incorporated the following charges:

* The number of primary air feed tuabes was reduced from
twelve to eight.

e The reduced primary holt area and the conventional dome
cooling flow area wereput into swirl air In the dome.

In addition to the design changes to Improve recirculation, the
primary &ore, film coolant air was eliminated. This air was also
added as wirl air In the combustor dome.

The primary zorm/dilu~tIOn airflowr split in the Modification "A"
was maintained tw som as in the InIti& design and th convent-
tional T63 combustor liners.

The initial design and Modification "A" of the "Exterded-Lu'ngth.
Plug-FlowCantd-Primary Combu tor Liner" were tested at the
conditions tabulated t Table IV.- The tests were conducted in
the DA Combu tion Research Laboratory usirg JP-4 *tel Intohe
experLmentol results for the initial design and Modflication "A"
are discussed in the following subsections.

The experimental data from the Initual design (Figure 1s?)
are copared with rhe mission data from the "TO Conventional

usto" and the "Ex tended- Length Combustor" In Table LVIII
and Flos 160 through 163. The results show that, except
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TABLE LVIII. COMPARISON OF T63 NDN)EGENERATIVE EIISSION/
COMBUSTOR PERFORMANCE OF (1) CONVENTIONAL
LINER, (2) EXTENOED-LENGTR LINER, AND (3)
PLUG-FLOW/CANTED-PR IARY, EXTENDED-LENTH,
LINER - INTIAL DESIGN.

I. Conven':ional Liner Cycle Point

A. Emissions I 6 4 - 3 2

CO. (ppm) 893 652 496 383 2lu 75

H/C, (PP) 100 37 15.8 4.1 0.7 0.6
Nx, (On-Line, N)IR & NDUV)(ppm) 17.0 32.0 41.1 45.6 58.0 81.0

NO (On-Line, CL)(ppm) 17.2 23.4 32.6 40.7 56.3 80.6

NOx, (Seltzman)(ppn) 18.5 27.8 37.6 45.9 61.3 90.6

Smoke Number 3. 7. 12. 17. 25. 30.

B. Pressure Loss 4 4.63 4.51 4.53 4.44 4.38 4.114 1
C. Te p. Profile (T max/T avg) 1.115 1.142 1.120 1.113 1.104 1.065

- . Extended Lengr Liner

A. Emissions I
CO. (ppm) 495 298 185.5 94.0 38.6 22.6

H/C, (ppm) 49. 15.8 5.1 1.0 0.5 0.4

N 0, (On-Line, NEDIR & N UV)(ppm) 25.0 33.0 39.5 56.5 72.0 119.5

NOx, (On-Line, CL) (ppm) 19.0 26.5 35.0 47.0 68.0 113.3x
NO, (Saltzman)(ppm) 24.8 38.3 41.0 56.0 79.7 123.9

Smoke Number 1.72 3.76 3.28 2.80 4.20 0.59

D. Pressure Loss (%) 5.10 4.61 5.09 4.91 4.74 4.59

C. Temp. Profile (Tmax/Tavg) 1.229 1.210 1.198 1.171 1.129 1.188

II. Plug Flow/Canted Primary ExtendedLength Liner
A.-missions

Co, (ppm) 1160:8 786.1 587.4 376.0 191.9 56.4

H/C, (pPm) 260. 120.0 57.0 22.0 4.6 1.2

Nox, (On-Line, NDIR & NDUV) (ppm) 21. 27.0 27.0 40.5 67.0 110.0
x

NOx, (Saltzman) (ppm) 14. 25.2 311.8 49.0 76.7 i24.9

Smoke Number 22.5k 29.02 24.07 29.66 28.03 24I.25

B. Pressure Loss (%) 5.5 5.52 5.42 5.58 5.41 4.95

C. Temp. Profile (Tmax/T Avg) 1.36 1.308 1.297 1.238 1.200 1.194
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for limited cases, the emissions from the initial design were
greater than from either the "T63 Conventional Liner" or the
Extended-Length Combustor." The emission data were used to
calculate the emission index as presented in Figure 164 and
Table XLVI.

For the selected LOH duty cycle, the total emission index for the
initial design of the "Extended-Length, Plug-Flow/Canted-Primary
Combustor Liner" was 17% higher than the "T63 Conventional Liner"
as shown in Table XLVI. This table also shows that the CO and
H/C emissions were higher than the "T63 Conventional Combustor
Liner" and that NOx was approximately the same. Compared with
the "Extended-Length Liner" (which was the same length) the total
emissions from the initial design of the "Extended Length, Plug-
Flow/Canted-Primary Combustor Liner" was approximately 2.4 times
greater. However, there was approximately a 20% reduction in NOx
emissions.

The temperature profile (T /Tv) for the initial design of the
max avg

"Extended Length, Plug-Flow/Canted-Primary Combustor Liner" was
worse than either the "T63 Conventional Liner" or the "Extended-
Length Liner", ad shown in Figure 165.

In order to qualitatively assess the problem, cold airflow tests
were made with the initial design. These tests clearly showed
that the problem was inadequate recirculation in the primary zone.
The plug flow section seemed to be operating in the desired
manner. Due to the close spacing in the primary jets, as shown
in Figure 157, it appeared that there was not sufficient flow
area for the recirculation loop to get out of the primary. In fact,
the cold-flow test showed that less than 50% of the primary air was
going into the primary section. Therefore, cold-flow tests were
conducted with 6 of the 12 primary holes plugged. The cold flow
results indicated some improvement, however, only about 50% of the
intended primary air was entering the primary zone. Therefore, a
major modification was made to the liner as described previously.

0odification "A" - Exoerimental Results

Cold flow experiments were conducted with the modified liner shown
in Figure 159. Several interesting characteristics were:

0 From some of the primary jets, 100% of the air was entering
the primary section, whereas only 50% of the air from other
jets was entering the primary section.

o A considerable amount of the dilution air is partially
entraJ-,ed in the upstream direction,whereas in the initial
design all the dilution air was flowing downstream. This
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upstream entrainment is undoubtedly due to the effect of the
dome swirl added in Modi fication "A".

o The apparent distortion ghL Le "real". but xc is difficult
to resolve without hot-wire anemometer experiments because
of the swirl components in the Modification "A" combustor
liner. The cold-flow plate tests are always subject to
interpretation due . the flow disturbance induced by the
plate and the bo,:ldary layer flow of the plate itself.
These effects are even more difficult to discern when strong
swirl is present such as in Modification "A".

The Modification "A" combustor liner was hot-flow tested at the
simulated T63 combustor conditions tabulated in Table IV.
Emission results for the ModlfP .ation "A" combustor are compared
with the "T63 Conventional Liner" and "Extended-Length Liner" in
Table LID and Figures 166 through 169. The emission index values
were calculated for a LOH duty cycle, and the results are presented
in Table XLVI. The total emissions from the Modification "A" co-•
bustor were approximately 37% less than the "T63 Conventional Liner"
but slightly higher than the "Extended-Length Liner", which was the
same length as Modification "A". The emissions from the Modifi-
cation "A" combustor were much less than from the initial design of
the "Extended-Length, Plug-Flow/Canted-Primary Combustor Liner,"
but it would require considerably more development to show
significant reductions in emissions compared to the conventional!
"Extended-Length Liner." The biggest pollutant problem would
appear to be particulate emlssions,as shown by the smoke data In
Figure 1t9. Large deposits of carbon were also found in the
"d'ead-spaces" of the dome after the experiments. This Is a com-

* mon problem found In all swirl system dead-spaces.

An outstanding performance feature of the Modification "A" design
of the "Extended-Length , Plug-Flow/Cauted-Primary Combustor
Liner" was the exceptionally good temperature profile (T?/T.v

as shown in Figure 170. This Is probably due to the swirl flow
pattern in the combustor liner. The temperature profile was
better than with any other combustor tested in this program.

Neither the Ir1tila Dsign or Modfication "A",of the "Extended-
Length , Plui-Flow/Canted-Prliary Combustor Liner" provided the
anticipated reduction in total emissions. However, both linerS
demonstrated a moderate reduction in NOx compared to the same size
conventional liner ("Extended-Length Liner'). Modiflestin "A"
did have significantly lower. (approximately 50%) emissions than the
InIXial Dgsin. Further development of the "Extended-Langth,
Plug-flow/Canted-Primary Combustor Liner" would probably provide
significantly lower emissions. Recommended areas for further
study are:
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TABLE LIX. COMPARISON OF T63 NDNREERATIVE EMISSIOWCUXIDUSTOR
PEORMANCE Of (1) OMIWWY1ONML LINER, (2) ETENDED-
LENTHD LINER, AND (3) PLUG-FLOW/CAINflD-PRIMARY SWIRL
DOME LINER, MODIFICATION A

VC. (ppm) 0 7 I 1. 0. 00
NO,(Oa-lUne, tQIR &D tUV(ppm) 17.0 32.0 61.1 fus.. 6 .0 31.0
* (On-Line, CL) (ppm)1.3 3. 3.6 '07 53 0

No (Sazman) (PP4 13.S 27.8 S7.6 %S.9 61.3 90.6
Ssaht3. 7. 12. 17. 25. 30.

I. Pressu.re Losa 00 6.63 14.1 4.1J 4.6% 4.38 14.
C. tap. Profile (T1JMIl*, 1 ) 1.111 .1.142 1.120 1.113 1.104 I.o6S

--- tl teded. Length Lnt
A.£.ssione

CO, Innm) 695 39 155.5 24.0 35.6 22.6

N,On-LUnr, NDIX NUUV) (ppm) 11.0 31.0j u.S S&. S 73.9 119-S
No *(nLnCpMM 19.0 16. 35 J.0 67.0 ".0 113.3
*0 so(Selsmen) (ppp). 5. 36.1 161.0 56.0 797123.9
look. ~Wr 1.72 1.76 3.23 5.40 11.30 434'

A. Preseure Less (N) 5.10 '0.61 S.09 6.91 6.6 .Sq

O. t~l~Cut 4 Prmry ISAul Dowe

CO. (I Jo6.1 36. 213.9 150.3 103.0 S9.9
-i.(p)63.0 11.2 6.0 1.1 .9 .1

sea,. wo-ie mn. MM ("pm) 51.0 35.5s 61.5 51.1 71.5 101.5

Sake Number 35369 63.71 ".07 S0.S0 %-.1 63$.9
. Prsure Lea (K) S.90 550O 5.46 S.590 1.631 5.37

C. Tweis. Profile cr,,,s...A) 1.09% 1.093 11.1,06 j .02 1.0*6 1.047
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o Increase the primary-zone volume.

o Increase the primary-zone recirculation.

o Eliminate all dead-spaces in the dome to reduce the
carbon buildup.

Further studies of the "Extended-Length, Plug-Flow/Canted-Primary
Combustor Liner" were not conducted because the program objective
in the early part of Task 3 was to obtain only enough experimental
data to evaluate the potential of the many different concepts. As
shown in Table XLVI, Modification "A" provided improvement in NO
performance (compared to the same residence time liner), but x
other concepts subsequently tested demonstrated greater potential
for emission reduction.

, TANGENTIAL-SWIRL COMBUSTOR

One of the potential concepts selected from Task 2 studies was the
"Extended-Length, Tangential-Swirl Liner." The concept was to
replace the existing primary holes with a set of sixteen tangential
swirl louvers discharging upstream. The swirl louvers were fab-

* ricated in a 6-inch cylindrical section added between the dome
and the first film cooling annulus. Task 2 studies indicated that
NO should decrease because:

o Primary zone swirl should improve the mixedness and reduce
the local hot-spot temperatures in the primary-zone, thus
reducting the concentrations of the NOx formed.

o The primary-zone recirculation should be improved, thus.
increasing flame stability.

o The intermediate temperature zone (distance from primavy

holes to dilution holes) residence time increases. Thus,
additional time is provided to consume the CO, CxHy , and
carbon. x

"I

The modifications made to the conventional T63-A-SA liner to obtain
an "Extended-Length, Tangential-Swirl Liner" were:

o Add constant diameter, 6-inch-length section between the dome
and the first cooling annulus.

o Close original row of primary holes.

o Add two rows of swirl louvers ,30 inch wide by 1.00 inch long,
eight per row, inclined upstream at a 45-degree angle, and
arranged in a helical pattern.
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Add a convection cooling shell between the second row of
louvers and the first film cooling annulus, connected to
and feeding the first film cooling annulus.

The hole patterns and important axial dimensions for the "Conven-
tional Liner," the "Extended-Length Liner," and the "Extended-
Length, Tangential-Swirl Liner" are shown in Figure 171.
All three liners had the same airflow area split as tabulated
below:

Dome Holes . . .. ............ 11.8%

First Cooling Step. .I. . . ..... . 11.2%

Primary Holes or Louvers .......... .26.3%

Second Cooling Step ............ .. 11.2%

Trim Holes ..... ............... 1S.2%

Dilution Holes .... ............ ... 24.2%

99.9%

With the above calculated flow splits, the primary-zone equivalence
ratio at T63 maximum power is 0.77 for all three liners. This
ratio is based on the primary zone air being supplied only by the
dome holes and the primary holes or louvers. The first cooling
step is assumed to mix with the reaction gases further downstream.

The "Extended-Length, Tangential-Swirl Liner" which was fabricated
for test is shown in Figures 172 and 173.

The "Extended-Length, Tangential-Swirl Liner" was tested in a
T63 combustor rig at two of the nonregenerative T63 combustor
conditions tabulated in Table IV. The emission, pressure loss,
and temperature profile results are summarized and compared with
the "Conventional T63-A-5A Liner" and the "Extended-Length Liner"
in Table LX. All three liners were tested with the conventional
T63 pressure atomizing fuel injector and JP-4 fuel. As shown in
Table LX, data were not taken for the "Extended-Length,
Tangential-Swirl Liner" at cycle points 2, 3, 4, and 5 because it
was obvious from the flame pattern distortion and the results of
the on-line CO and CxHy instrumentation for the first two data
points that this combustor liner could not produce emissions as
low as the "Conventional Liner," let alone 50% lower emissions.
Also, the extremely poor exhaust temperature profile would have
resulted in localized overheating and combustor failure at the
higher operating points.
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TABLE LX COMPARISON OF T63 NON-REGENERATIVE EMISSION /COMBUSTOR PERFORMANCE
OF (1) CONVENTIONAL COMBUSTOR, (2) EXTENDED-LENGTH COMBUSTOR, AND
(3) EXTENDED LENGTH, TANGENTIAL-SWIRL COMBUSTOR.

I. Conventional Liner Cycle Point

A. Emissions 1 6 S 4 3 2
Co, (ppm) 893 652 496 383 214 75
H/C, (ppm) 100 37 1S.8 . .1 0.7 0.
x (On-Line, NDIR & NDUV) (ppm) 17.0 32.0 41.1 45.6 56.0 61.0

NOx,(On-Line, CL)(ppm) 17.2 23.4 32.6 40.7 56.3 80.6
NOx,(Salzman) (ppm) 18.S 27.8 37.6 4S.9 61.3 90.6
Smoke Number 3. 7. 12. 17. 25. 30.

B. Pressure Loss (4) 4.63 4.51 4.53 4.414 4.38 4.14
C. Temp. Profile 1 /T ) 1.115 1.142 1.120 1.113 1.104 1.065

- mx/Tavg)
ll. Extended-Length Liner

A. Emissiom
CO, (ppm) 495 298 18S.5 94.0 38.6 22.6
i/C.(p) 49. 15.8 S1 1.0 0.m 0.4
NO ,(On-Line, NDIR & NDUV) (ppm) 25.0 33.0 39.5 56.S 72.0 119.5

NO .(On-Line, CL) (ppm) 19.0 26.5 35.0 47.0 68.0 113.3
x3NO, (Saltzman) (ppm) 24.8 38.3 41.0 56.0 79.7 123.9

Smoke Number 1.72 3.76 3.28 2.80 4.20 0.59
A. Pressure Loss (N) 5.10 4.61 .5.09 4.91 4.74 4.59
C. Temp. Profile (Tx ) 1.229 1.210 1.198 1.171 1.129 1.188

I X. Extended -Lon ith, Ta igent il- Swirl Liner
A. Emissions

CO, (prM) 4.l 856.4
H/C. (ppm) 1360.0 1020.0D
NO., (On-LIne, NDIR & NDUV) (ppm) 16. 16.!

NOx, (Saltzman) (opm) 9,1 10.
Smoke Number 73.1 "4.6

A. Preasure Lose (S) s.1% S.
C. Temp. Profile (TX/fl ) 1.7S 1.63
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Analysis of the test results for the "Extended-Length, Tangential-
Swirl Liner" revealed the following:

o The predicted reduction in NOx from the Task 2 studies were
verifiedas the NOx emissions from the "Extended Length,
Tangential-Swirl Liner" were the lowest of the three liners
compared in Table LX.

o The interaction between the fuel spray from the prassure
atomizing fuel injector and the upstream tangential swirl
airflow was not conducive to a uniform flame pattern
having high prinary-zone recirculation. Evidence of this is
the high Tmax/T exhaust temperature piofile measured andmxavg;
the high levels of CO, CxHy, and smoke which resulted from
insufficient high-temperature residence time (low recircu-
lation).

0 Test reports (previously available in the literature)
on tangential-swirl combustion liners provided no data
on the sizable increases in CO, CxH, and smoke that
would result from this type of combustor design.

The emission data in Table LX for cycle point 1 (idle) were
converted to emission index for the LOH duty cycle. The computer
results for this one data point are shown in Table XLVI.
A comparison was made of idle emission Index values for the
"Conventional Liner" and the "Extended-Length, Tangential-Swirl
Liner." This comparison is presented in the emission index
summary of Table XLVI. In this table the NOx emission indexes
were computed from the NDIR + NDUV instruments, which produced a
different result than the Saltzman. For idle oxides of nitrogen,
the NDIR + NIUV results showed an increase in NO of 6%. The
Saltzman results showed a decrease of 51% at Idl. Both me.iure-
ment methods showed lower NOx in comparing the "Extended-Length,
Tangential-Swirl Liner" to the "Extended-Length Liner." The
comparison of the other idle emissions for these two extended -
length combustors showed significant increases in CO, C H , and
smoke. These results can be seen in Table LX,

The tangential-swirl approach used in this combustion liner
significantly Ja 1 1 gA the total emissions. This was possibly due
to the deterioration of the primary-zone flow pattern created by
the upstream component of the primary-zone swirl air. This up-
stream component's impinging on the fuel spray could have partiwlly
cnllapsed the fuel spray cone,thus overloading the primary-zone
and disrupting the primary-zone recirculation. These conditions
would reduce the primary-zone mixedness and residence time, re-
sulting in low NOx but high CO, CxHy, and smoke. Reversing the
swirl louvers to produce a downstream axial swirl component or
eliminating the induced axial component altogether would probably
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increase the NOx above the levels tested, but might significarntly
reduce the CO, C H , and smoke.

The tangential-swirl approach with an induced upstream axial
component did not reduce the total emissions, and its inclusion
in the final concept is no recommended.

* SWIRlsDOME COMBUSTOR

One of the potential low-emission concepts selected in the Task 2
studies was the "Extended-Length, Radial-Swirl-Dome Combustor
Liner." The concept is to replace the entire primary-zone air A

distribution system w. th an extended-length cylinder and a radial
swirler dome through which all of the primary air is passed. Task 2
analytical studies indicated that emissions should decrease be-
cause:

o The effect of the swirl is to improve the mixedness and
reduce the local hot- spot temperatures in the primary zone,
thus reducing the concentrations of NOx formed.

o The primary-zone recirculation should be significantly im-
proved.

o The intermediate temperature zone upstream of the dilution
holes is increased, thus increasing the residence time at
these tempe,,atures and resulting in reduced concentrations
of carbon monoxide, hycrocarbons, and particulate carbon.

The "Extended-Length, Radial-Swirl-Dome Combustion Liner" was
designed for the T63 nonregenerative combustor operating condi-
tions tabulated in Table IV.

' wo cumbustor ennfigurations of this type were tested under this
contract. The design details of each configuration are presented
separately below.

Fixed-Geometry Wall Fuel-Flm Inlecclon - Design

A completely redesigned primary zone was fabricated to obtain the
"Extended-Length, Radial-Swirl-Dome/Wall Fuel-Film Vaporizer
Combuator Liner." The only parts of the conventional T63 liner
retained in the detign were the fuel injector bushing and the
dilution zone section. The hole pattern in the dilution zone was
modified as shown in the combustor comparison outlines in
Figure 174. The "Radial-Swirl-Dome/Wall Fuel-Film Vaporizer
Combustor Liner" has the following characteristics:

o The total length is 14.35 inches compared to the 9.56-inch-
length of the "Conventional T63 Liner."
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o The fuel was added to the combustor through a wall fuel-
film injection system which injected twelve streams of fuel
tangentially nn the liner inn-r wall in the direction of the
swirling primary-zone air. The injection ports were located
0.50 inch downstream of the liner dome.

o The through-put equivalence ratio downstream of the fuel
injection ports was 3.9 when all of the fuel was vaporized.

o The through-put equivalence ratio downstream of the row of
primary holes was 0.98 at 100% power fuel/air ratio. This
compares to an equivalence ratio of 0.77 for the conven-
tional T63 liner.

0 Swirl vanes, shown in Figure 174, were installed in the
dome to provile a high shear velocity across the fuel film
for rapid vaporization and to establish intense primary-zone
recirculation for uniform combustion.

o The primary zone is cooled by the high-velocity air-fuel
mixture created by the dome swirl vanes.

o The conventional liner trim and dilution holes were closed,
and a single row of dilution holes was addei 2.10 inches
upstream of the combustor exit. This design eiange was made
to delay the quench of CO, CxHy, and C reactions.

3
Variable-Geometry. Conventional Atomizer - Resian 4

For this configuration,the primary zone was also completely rede-
signed to obtain the "Extended-Length, Radial-Swirl-Dome/Variable-
Dilution Geometry/Standard Fuel Injection Combustor Liner." The
only parts of the conventional T63 liner retained in this design
were the fuel injector, the fuel injector bushing, and thi dilution
zone section. This combustor has the following characteristics:

o The total length is 14.35 inches, the same as the "Wall
Fuel-Film Vaporizer" configuration.

o The fuel Injector was the standard T63 dual-orifice pressure
atomizer.

o The "Variable-Geometry" dilution section produced primary-
zone equivalence ratios, based on through-put swirler air,
both higher and lower than the 0.77 conventional T63 liner
pri iry-zone equivalence ratio.

o A3.1 of the primary air entered through the dome swirler.
(Later cold-flow tests revealed that a significant portion
of the dilution air was drawn upstream Into the primary zone.)
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o A 3.0-inch diameter orifice flame holder was installed
2.0 inches downstream of the swirler.

o Swirl vanes, shown in Figure 175, were installed in the
dome to establish intense primary-zone recirculation for

, uniform combustion.

o The primary zone was cooled by the high-velocity air enter-
ing the primary zone through the swirl vanes.

o The conventional liner trim holes were closedand a six-
hole-pattern row of dilution holes was added in the same
axial location as the two conventional liner dilution holes.
Over these circular holes was a slip Land hav.ing square
holes,which provided the variabht geometry for the dilution
zone. The purpose of the variable geomeltry was to control
the primary-zone equivalence ratio and thus the combustion
temperature to reduce the formation of the WD0x and to con-
sume the CO, Cx y, and carbon.

.o The additional length of this combustor was to allow fr
more complete oxidation of the CO, C aH, and C reactions.

The "Extended-Length* Radial-Swirl-Dome Combustor Liner" we
tested at the conditions given In Table IV. The tests were
conducted at steady-state conditions In the ODA Combustion
Research Laboratory, using JP-4 fuel. The experimental results
for each combustor configuration utilizing a radial swirl dome are
piesented below.

Fixed-GeoetrvyWall Fuel Film Inlaction xnertalt Results

The experimental CO and CxHy emission results presented in
Figures 176 and 177 show significant reductions in emissions
when compared to the "Conventional T63-A-SA Liner" emissions.
Compared to the same length coebustor, "Extended-Length Liner,"
the CO was slightly lower at low power conditions and slightly
higher at high power conditions. Except for the Idle point, the
H/C emissions compared in a similar manner for the same length
liners. The NO results, presented in Fi pare 178, show higher
N0x emissions than the "Conventional T63-A-SA combustor, The
data exhibit the same characteristics (the curves nearly parallel
each other), but there is approximately 7 ppm higher concentration
at all operating points. Compared to the "Exten kd-WIngth Liner",
the NOx emissions were slightly hlgher at low power conditions ,
somewhat lower at the higher power conditions, and considerably
lower at maximum power. The amoke was decidedly higher than
uoth the "Conventional TM3-A-SA Combustor Liner" and the "Extended-
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Figure 176. Nonregenerative T63-A-SA Combustor
Carbon Monoxide Emission Data Comparison for
Extended-Length, Radial-Swirl-Dome With Wall
Film Vaporization and T63 Baseline Combustors.
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Figu-'e 177. Nonregenerative T63-A-SA Combustor
Hydrocarbon Emission Data Comparison for
Extended-LengthRadial-Swirl-Dome With Wall
Film Vaporization and T63 Baseline Combustor.
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Figure 178. Nonregenerative T63-A-5A Combustor
Nitrogen Oxides Emission Data Comparison for
Extended-LengthRadial-Swirl-Dome With Wall
Film Vaporization and T63 Baseline Combustors.
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Length Liner," as shown by the data in Figure 179. The temperature

profile (Tmax/Tavg) from the "Extended-Length, Radial-Swirl-Dome

Combustor Liner, Fixed Geometry, Wall Fuel Film Injection Con-
figuration" was considerably worse than from the Conventional
T63-A-SA Liner" and, for most of the operating conditions, also
worse than from the "Extended-Length Liner. These data are
presented in Figure 180. With development, the temperature
profile could be improved to an acceptable level.

The measured pressure loss of the "Wall Fuel. Film Injection
Liner" was nominally 5.9%. As seen from Table LXI, this presbure
drop compares with 4.4% for the "Conventional Liner" and 4.8% for
the "Extended-Length Liner."

Using the emissions data presented in Table LXI and Figures 176
through 179, the emission index for the selected LOH duty cycle
was calculated. The total emission index for the "Wall Fuel Film
Injection Liner" was 15.426 lb emissior-/1000 lb fuel, as shown
in Figure 181. This compares to 32.945 lb/lOo lb fuel for the
"Conventional Liner" as shown in Figure 181. Therefore, the
total emissions from the "Wall Fuel Film Injection Liner" were 47%
of the total emissions from the "Conventional Liner" and thus met
the 50% reduction of total emissions part of the contract objec-
tives. However, as shown in Table XLVI, the NOx and particulates
emission index values increased above the constituent levels of
the "Conventional Liner" and therefore did not meet the contract
objective of no constituent emission increase. For the same
length liner ("Extended Length"), the "Wall Fuel Film Injection
Liner" had approximately the same total emissions, but there was a
major increase in smoke/particulates.

Visual examination of the "Wall Fuel Film Injection Liner" after
testing showed some thermal distortion of the swirler blades, which
explains the decreasing values of pressure drop with time (increas-
ing power level operating conditions). The swirl vanes were con-
strained by the cold fuel manifold. Hot combustion products
traveling upstream in the swirl vortex accounted for the heating
of the swirl vanes. The resulting compressive stress forced the
vanes to spread apart. There was no other apparent damage to the
combustor.

Variable Geometry. Convenaional Atomizer -. Experimental Results

The emissions for this configuration for various geometry
settings are summarized in Table LXII. The test procedure for this
variable-geometry combustor was to adjust the geometry at each
cycle point to only those settings which produced constituent
emission concentrations within levels of interest. The emissions
data are compared with baseline combustor liner emissions in
Figures 182 ehroeugh 185. It was possible with various geometry
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rABLE LX1. COMPARISON OF T63 NONREGENERATIVE EMIS3ION COMBUSTOR

PERFORMANCQ OF (1) CONINIONAL LINER, (2) EXTENDED-
LENGTH LINR, (3) LXTE.DED-LEN[TH, RADIA; SWIRL-
DOME LINER ,ITH WALL FUEL FI1) VAPORIZER

I. Conventional Liner Cycle Pnint

A. Emissions~ 6 5T 4 3 2

cO, (Ppm}) 3 65z 4961 63 21 4
Hic. (Ppf) 100 37 15z.8 4.1[ 0.71 3.6
NO , (On-Line, NuIR & NDUV) (ppm) 17.0 32..U i  4.1 45.6 58.0 81.

NOx, (On-Lin e, CL) (ppm) 1 7.2: 23.4 32.6 40.7 56.3 80.6
NO , (Saltzman)(ppm) 18.5 27,8 37.6 45.9 61.3 90.6

Smoke Number 3. 7. 12. 17. 25. 30.

B. Pressure Loss (%).6 4.51 4.53 4.44 4.38 4.14

C. Temp. Profile (Tmax/Taev) 1.115 .142 1.120 1.113 1.104 1.06

--': I -xtended-Loingth Li ner

A. Emissions 1

Co. (ppm) 4 ( 298 185.5 94.0 30.6 22.6

f/C, (ppm; 49. IS,8 5.1 1.0 o. 0

NO x, (On-Line, NU)IR & NiUV) (ppm) 25.0 33.0 39.5 56.5 72.0 119.5
No -(n ,,Lie, CL) (ppm) 19.0 26.S 3S.0 47.0 68.01 113.3

A

NO (Saltzmati) (ppm) 24.8 38.3 41.0 5tU 79.7 _2 1. Q

Smo e Nhjmber 1.?? 3.76 3.28 2.80 11.20 U. 51

B. Pressure, Loss (3) S.10 4.61 S.C) 4.91 4.74 4.5Y

C. Temp. Profile (TIax/t V.) 1.229 1.210j 1.198 1.171 1.129 1.188

1. [adllA. wirl-Dnm@'nxt re Len 1 h 1

CO. (ppm) 445.9 191.9 108.6 82.8 90.7 71.5r

H/C, (ppm) 56.0 5.8 1. .9 ,7 .5

N'i, (On-Line, NUIR & I)UV) (ppm) ?'.5 38.0 46.0 53.0 0.8.5 86.5 I

NO~ (Saltzman) (ppm) ?a,? 42.0 $3.6 66.6 88.7 1104L

Smoke Numhb4r

Dl. Prvs-:ue Lo , ,N') j , .36 k.16 6.22 5.94 5.66 5.22

C. Temp. Profile (T 1.150 1. 1.269 ;..113 1. 2 26 1,'"1

A- .--- - . .~ -. ... -. . ~• .--..

)i
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Comnparison~ Extended-Length, Radial-'Swirl-
Done-Wall Fuel Film Vaporizer.
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TABLE .XII. EMISSION DATA FOR WXENDLD-)LENGTH, RADIAL-SWIRL-
DONE LINU4 WITH VARIABLE-GEOMETRY AT NONREGENER-
ATIVE CONDITION. Po.n

Dilution Zone Variable .-

Geometry Setting
100% Open

CO (ppm) 166.8
H/C (ppm) 1.6
N0x (NDIR & NDUV) (pn) 42.0
NO (Saltznan) (ppm) 45.4
Sm~ke Index2.4C

80% Open

CO (ppvr) .170.9 1. .0
H/C (ppmi) 2.4. 0.9
t401 (.NVIR & NDUV) (pm) I30.5 C'.5 I
NOX (Saltzman) .) Q S8. 4

Smo-"c Index 2.10___ 0.20

60% Open
M( (0pm) 202.9 2. 2. 141.01

H/C (pm) 6.5 .t . 4
NOx (NDIR & NflUV) (Ipfl) 32.0 S3,5 6b - 57-

N0x (Saltzrnan) (ppm) 39.3 59.8 77.S 81.4
Smoke Index 2.25 0.28 2.28 2.771

4% Open I
co (ppm) 400C.0 I?7.2 112.4 j101.21
H/C (wp~) 1!. 5.0 .j
No (NUIlk NDUV) .pIAmj jO.I 43.0 6.0 17 7
$Ox (Sa~rrmpri) fppu") 27.7 147 7 73.2 1 Ri. 2

Smoke Index .7 1.68 1.;$ 1.711

2120.

NOx ND'% & NOUV) (ppm) 26S 33.

I.C Open

CO (ppm) ~S2-n-

N01 (PflIR 33.0)(p) 8. 7
sox (soIt &man) (bui) I N0A *i

Smoke Index-J 17 )Z

09 Op3n
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<..Kure 1831. Nonregenerati-m TW3-A-SA Combustor
Hydrocarbon Emission Data Comparison for Extended-
Length,Radial-SwIrl-Dome St4ndard Fuel Injection
Combustor ard T63 SBastine Combustor*.
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Injection Combustor and T63 baseline Combustors.
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Figure 18S. Nonregenerative T63-A-SA Combustor
Smoke Data Comparison for Extended-Length, Radial-
Swirl-Dome Standard Fuel Injection Combustor and
T63 Baseline Combustors.
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settings to trade reductions in CO and CxH, concentrations for in-
creases in NO, at the lower power conditions, but at the higher
power conditions the combustor was unable to trade increases in CO
and CxHy for reductions in NO.. At the 75% power condition,the
fully closed geometry setting (0% open) showed that the combustor
could not reduce the NO, concentrations below the "Conventional
T63-A-SA Liner" NOx levels, see Figure 184. The accompanying CO and
CxHy concentrations, Figures 182 and 183, were many times higher than
those of the "Conventional T63-A-SA Liner." Smoke from the variable-
geometry configuration, Figure 185 was quite low except for the fully
closed position at 55% power. The combustor exhaust temperature pro-
file, Table LXIII and Figure 186, improved as the dilution holes
were closed until the 20% open position was reached. The 10% and 0%
open positions showed significant deterioration of the temperature
profile. Th, temperature profile degradation was probably caused by
the failure of the flameholder. Consequently, (I) because the NOx
concentrations could not be reduced below baseline levels at 75%
power and (2) because of the worsening trend of the temperature .1ro-
file at 75% power, there was no data taken at 100% power.

Liner pressure drop, Table LXIV, varied from 6.2% at 100% open to
22.8% at 0% open. These values are considerably higher than the
"Conventional Liner" and the "Extended-Length Liner" pressure drops.

Using the emission data presented in Table LXII and Figures 182
through 185, the emission index values for each combustor operating
point and geometry setting were computed. A total LOH duty cycle
emission index value was not computed since n_- data was taken at
Cycle Point 2 - 100% power. The minimum emission index for Cycle
Points 1, 3, 4, and 5 w3s 29.50 lb total emissions/lO00 lb fuel
based on fuel usage from all five cycle points, i.e., zero emissions
at maximum power, Cycle Point 2. This minimum emission resulted
from t.,e following geometry settings:

Cycle % % Open
Point ower Geometry Settinu

1 10 80

5 40 40

4I 55 14

3 75 0

The constituent emission index values, based on 140.05 lb fuel used,
were the following:
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TABLE LXIII. COMPARISON OF EXHAUST TEMPERATURE PROFILE (Tmax/Tavg)
FOR EXTENDED-LENGTH, RADIAL-SWIRL-DOME LINER HAVING'
VARIABLE-GEOMETRY, WITH BASELINE COMBUSTOR LINERS
AT NONREGENERATIVE CONDITIONS

Cycle Point

1 6 s 4 3 2

I. Convet.tional Liner 1.115 1.142 1.120 1.113 1.104 1.065

II. Extended-Length Liner 1.229 1.210 1.198 1.171 1.129 1.188

III. Extended-Length,
Racial-Swirl-Dome Liner,
Design #8, Having

Variable Geometry at

100% Open 1.264

80% Open 1.221 1.221

60% Open 1.202 1.174 1.142 1.152

40% Open 1.181 1.188 1.124 1.105

20% Open 1.109 1.079 1.078

10% Open 1.095

0% Open 1.129 1.294
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Figure 186. Nonregenerative T63-A-SA Combustor
Temperature Profile Data Comparison for Extended-
Length, Radial- Swirl-Dome Standard Fuel Injection
Combustor and T63 Baseline Combustors.
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TABLE LXIV. COMPARISON OF PRESSURE LOSS () FOR EXTENDED-LENGTH,
RADIAL SWIRL DOME LINER HAVING VARIABLE GEOMETRY WITH
BASELINE COMBUSTOR LINERS AT NONREGENERATIVE CONDITIONS

Cycle Point

1 6 5 4 3 2

I. Conventional Liner 4.63 4.51 4.53 4.44 4.38 4.14

II. Extended-Length Liner 5.10 4.61 5.09 4.91 4.74 4.59

III. Extended-Length,
Radial-Swirl-Dome Liner,
Design #8 Having
Variable Geometry at

100% Open 6.18

80% Open F.47 6.72

60% Open 7.17 7.33 7.21 6.83

40% Open 9.02 9.14 9.04 8.75

20% Open 13.30 13.59 12.57

10% Open 18.91
0% Open 22.77 22.92
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Emission Index

Percent of

_o b Em.ss2oP 1000 J. Fuel "Conventional Liner"

Hydrocarbon 2. 3 154%

Carbon Monoxide 20-19 77%

Oxides of Nitrogen 6.90 136%

Smoke/Particulates .03 1%

Total 29.50 90%

It must be remembered that the above emission index values are

based only on Cycle Points 1, 3, 4, and 5. However,the percentages
in the table were computed using the fJ=u emission pcints for the
"Swirl Dome Liner" and all five emission points for the "Conven-
tional T63-A-SA Liner." Thus,if data were obtained for Cycle
Point 2 (100% power), the emissions would all be somewhat higher
than the values presented.

Visual examination of the combustor liner after testing revealed

that two of the four welds supporting the flameholder had broken,
thus allowing the flameholder to distort. This failure may have

accounted for the high levels of CO and CxHy at 55% and 75% power
settings.

The "Extended-LengthRadial-Swirl-Dome Combustor Liner" with Wall
Fuel Film Injection and Fixed Combustor Geometry produced 53% lower

total emissions than the "Conventional T63-A-SA Liner." This reduc-

tion satisfied the "50% minimum reduction in total emissions" portion

of the contract requirements, but the requirement of "no increase
in any constituent emission" was not met by either NOx (16% increase)
or smoke/particulates (85% increase above baseline).

Variable geometry in the "Extended-Length, Radial-Swirl-Dome Combustor

Liner" with Conventional Pressure Atomizing Injection did not provide

sufficient control of the primary zone to maintain low emissions.

This lack of variable geometry control was probably due to the
failure of the flameholder at the higher power operating conditions.
A more substantially held flameholder should provide Improved emis-
sion control.

Additional emission reductions might be achieved by further

"tailoring" of the swirl-intensity, flow splits between primary
and dilution zones and the design of a flameholder to stabilize
the reaction zone.
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Comparing the "Extended-Length, Radial-Swirl-Dome Combustor Liner"
concept with other combustor configurations tested on this contract,
it was recommended that no additional effort be expended on this type
of combustor at this time.

RICH PREMIX/SWIRL QMBUSTOR

One of the potential concepts selected from the Task 2 studies and
partial results from Task 3 was the "Extended Length-Premix Cup/
Liquid Fuel/Swirl Dome Combustor Liner." The concept was to incor-
porate the following features to reduce the emissions:

A premix cup (prechamber) to mix the fuel and air and to par-
tially vaporize and react the fuel. This would improve the
flame homogeneity, reduce hotspots, and therefore reduce the 1emissions.

o Fuel-rich mixtures (0 - 2.0 at max. power) in the premix cup.

This would reduce NOx from the precombustion and early phases
of the primary combustion process.

(Note: This will work only if sudden quench is achieved from
the fuel rich to the lean overall fuel/air ratio condition).

Delayed dilution to allow maximum time at intermediate temp-
erature to consume the CO, H/C, and particulate emissions.
The intermediate temperature must be low enough to avoid NOx
formation.

Convection cooling in the primary zone instead of film cooling
to avoid quenching of the CO, H/C, and C reactions in the
relatively cold film air.

Extended length to allow additional residence time to react
the CO, H/C, and particulates. Previous experiments in
Task 2 had shown that the extended length would significantly
reduce CO and H/C emissions with a small increase in NOx
emissions.

1.
The "Extended-Length, Premix-Cup/Liquid Fuel/Swirl-Dome Combustor
Liner" was designed for the T63 nonregenerative combustor operating
conditions tabulated in Table IV.

A completely redesigned primary zone was fabricated to obtain the
"Extended-Length,Premix-Cup/Liquid Fuel/Swirl-Dome Combustor Liner."
The only part of the conventional T63 liner retained In the design
was the dilution zone sectionand its hole pattern was modified as
shown in Figure 187. The "Extended-LengthPremix-Cup/Liquid Fuel/
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Swirl-Dome Combustor Liner" as shown in Figure 188 has the follow-
Ing characteristics:

The total length Is 15.56 in~ches compared to a 9.56-inch for
the "Conventional T63" liner.
The fixel injector was the standard T63 dual-orifice pressure
atomizer.

*The fuel-air premix chamber was 3 inches In diameter by 3.40I inches in length.

*Swirl vanes, as shown in Figures 187 and 188,were installed
in the dome of the premix chamber to recirculate some of the
combustion products back into the premix chamber. This pro-
vides partial fuel vaporization and Ignition in the premix
chamber.

The primary zone was convectiou cooled as shown In figure 188
instead of the conventional film cooling.

The airflow distribution for the "Extended-Lenath, Premix
Cup/Liquid Fuel/Swirl-Dome Com~bustor' Liner" was designed for
2.0 equivalence ratio in the premix cup and 0.5 equivalence
ratio just downstream of Ulhe primary holes. These equivalence
ratio values are for T63 nonrogen-erfttive maxiwa'r-power condi-
tions. The conventional T63 non-reaenerstive combustor *per-
ates at 0.77 equivalence ratio in the primary zone.

*The conventional liner trim and dilution holes ware rombined
into single row of holes with an increased area from

14i. o5. n3. As shown In Figure 187, this single row
of dilution holes was moved aft to 2.1 Inches from the exit.
This 4&sign change was made to delay the quench of CO, H/C,
and C reactions.

The "Ex tended- 1*ngtht4 Premix Cupf/iquid Faell/Swirl. Dome Combustor
Liner" vas tested at the conditions tabulated In Table IV.
In addition to the Table IV test conditions, the combustor
was tested 4t three additional fuel/air ratios at the iMe (10%
power) conditions. The tests were conduct4d at steady-state condi-
tions, in the WDA Combustion Research Laboratory,, usin JP-'4 fuel.

The CO and ti/C emission results, platted In Figures 169 sad 190
respectively,, show significant reductions In eatiions compared to
eith~er the "Conventional T63-A-SA Linr' or the *Cxtsnded-Leigt-h
Lin -r." The Nk resulte~presentod In Firutre 191, show geeeomission
Improvement at the lower power conettiots but %tgti ,0 at the
high power conditions. The smoke trends, as shown fit FIgure 192,
are also somewhat similar to the *cross-over" enontered in the
NOx data.
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The temperature profile (T max/T avg) from the "Extended-Length,

Premix Cup/Liquid Fuel/Swirl-Dome Combustor Liner" was approxi-
mately the same as from the "Conventionail Liner"? at 10%, 25%, and
40% power conditions. However, as shown in Figure 193, it was
worse than from the "Conventional Liner" at 55%, 75%, and 100%
power conditions.

The measured pressure loss of the "Extended-Length,Premix Cup/
Liquid Fuel/Swirl-Dome Combustor Liner" was nominally 7.4%. This
compares, as shown in Table LXV, to 4.6% for the "Conventional
Liner" and 5.1% for the "Extended-Length Liner."

Using the emission data presented in Table LXV and Figures 189
through 192, the emission index for the selected LOH duty cycle
was calculated. The total emission index for the "Extended-Length
Premix Cup/Liquid Fuel/Swirl-Dome Combustor Liner" was 9.087 lb
emissions/1000 lb fuel. This compares to 32.945 lb/1000 lb
fuel for the "Conventional Liner." Therefore, as shown in
Table XLVI, the total emissions from the "Extended-Length,Premix
Cup/Liquid Fuel/Swirl-Dome Combustor Liner" were 28% of the emis-
sions from the "Conventional Liner" and met this part of the con-
tract objectives. However as shown in Table XLVI, the NOx emis-
sion index compared to the "Conventional Liner" NOx emission index
increased and did not meet the contract objective. For the same
length liner, the "Extended-Length,Prenix Cup/Liquid Fuel/Swirl-
Dome Combustor Liner" did provide a very slight improvement in NOX,
as shown in Table XLVI.

Visual examination of the combustor liner after the tests did not
reveal any apparent damage.

The "Extended-Length,Premix Cup/Liquid Fuel/Swirl-Dome Combustor
Liner" gave a 72% reduction in total emission compared to the
"T63 Conventional Liner." However,the NOx increased 21% (this
increase was offset by CO, H/C, and particulate reductions to
give the total reduction of 72%). This increase in NOx could be
controlled by variable geometry,and the total emissions would also
decrease even more than the 72%. This is due to the unique slope
of the CO emission curve shown in Figure 189. Normally, the NOX
is traded off for an increase in CO. However,with the "Extended-
Length,Premix Cup/Liquid Fuel/Swirl-Dome Combustor Liner," both
CO and NOX would decrease with variable-geometry control of the
primary zone fuel/air ratio.

PEPPER-POT DUOME COMBUSTOR

One of the potential concepts selected from the Task 2 studies and
partial results fro,, Task 3 was the "Extended Length-Pepper-Pot Dome
Combustor Liner." The concept was to incorporate the following
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TABLE LXV. COMPARISON OF T63 NONREGENERATIVE EMISSION/O)tBUSTOR
PERFORMANCE OF (1) CONVENTIONAL LINER, (2) EXTENDED-
LENGTH, PREMIX CUP/SWIRL-DOME LINER

I- Conventional Liner Cycle Point
A. Emissions 1 6 5 4 3 2

CO, (ppm) 
8 9 3  652 496 383 214 7

WC. (ppm) 10oo 37 s.8 4.1 0.7 0.6

NOX, (On-Line, NDIR & UV) (ppm) i17.0 32.0 41.1 45.6 58.0 81.0
WxA(n-Line, CL)(ppm) 17.2 23.4 32.6 40.7 56.3 60.6
N0 , (Saltzman) (ppm) 18.5 27.8 37.6 45.9 61.3 90.E

Smoke Number 3. 7. 12. 17. 25. 30.

B. Pressure Loss (%) 4.63 4.51 4.53 4.44 4.38 4lt

C. Temp. Profile (Tax/Tavs) 1.115 1.142 1.1201 1.113 1.104 1.C65
- f. Extended-Length Liner I

A. Emissions

CO. (ppm) 495 298 18S.5 94.0 38.6 22.6

RH/C,(ppm) 49. 1.8 5.1 1.0 0.5 0.4

NO, (On-Line, NDIR & NDUV)(ppm) 25.0 33.0 39.S 56.5 72.01 119.S
NOxt (On-Line, CL) (ppm) 19.0 26.5 35.0 147.0 68.0, 113.3

Nx(alza)(m 24.8 38.3 1U41.0 56.0 79.7' 123.9

Smoke Nurber 1.72 3.76 3.28 2.80 4.20 0.59
B. Pressure Loss (%) 5.10 4.61 5.09 4 tL1 4.741 4.59

C- Temp. Profile (T11; x/Teavg) 1.229 1.210 1.196 1.171 1.29 .I~ .lS

Ill. Extended-Length, Premix Cup/Swirl-Dome"-

CO. (ppm) 18.6 21.6 26.1 40.7 67.3 78.7

H/C, (ppm) .7 .4 .5 .2 .7 .1
N, (On-Line, NDIR & NDUV)(ppm) 20.0 26.0 34.5 48.0 84.0 136.0
NOx, (Seltznan) (ppm) 19.0 29.1 31.7 ........

Smoke Number 0.0 0.0 0.0 9.62 18.69 30.74
lB. Pressure Luss ()7.412 7.04 7.04 7.03 I6.4,2 I6.31
C. Temp. Profile (T,,,x /T Avg) 1.134 1.143 1.11S 1.188 i1.141 1I.152

355 }



features to reduce the emissions:

Small-scale recirculation with rapid conversion to plug flow.
Task 2 reaction kinetic studies had shown that this would be
an ideal condition for minimum CO, CxHy , and NOx emissions.

afConvection cooling in the primary zone should be used instead
of film cooling to avoid quenching of the CO. H/C, and C

reactions in the relatively cold film air.

Extended length would allow additional residence time to
react the CO, H/C, and particulates. Previous reaction
kinetic studies and experiments in Task 2 have shown that
the extended length would significantly reduce CO and H/C
emissions with a small increase in NOx emissions.

The "Extended-Length Pepper-Pot Dome Combustor Liner" was designed
for the T63 nonregenerative combustor operating conditions tabu-
lated in Table IV.

A completely redesigned primary zone was fabricated to obtain the

"Extended-Length, Pepper-Pot Dome Combustor Liner." As shown in
Figure 194, the only part of the conventional T63 liner retained
in the design was the dilution zone section. The "Extended-Length,
Pepper-Pot Dome Combustor Liner," as shown in the external view
(Figure 195), has the following characteristics:

The total length is 15.56 inches compared to 9.56 inches for
the conventional T63 liner. (See Figure 194.)

° The fuel injector was the standard T63 dual-orifice, pres-

sure atomizer.

All the primary air was admitted through the dome holes as
shown in Figure 194.

° The primary zone was convection cooled as shown in Figure 194
instead of the conventional film cooling.

The airflow distribution was designed for 0.77 equivalence
ratio in the primary zone at T63 nonregenerative maximum
power conditions. This is the same as the T63-A-5A
Conventional Combustor.

The "Extended-Length, Pepper-Pot Dome Combustor Liner" was tested at
the conditions tabulated in Table IV. The tests were conducted
at steady-state conditions, in the DDA Combustion Research
Laboratory, using JP-4 fuel.

3
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I
The CO and H/C emission results, plotted in Figure 196 and 197,
respectively, show significant reductions in emissions compared to
the "Conventional T63-A-SA Liner." Compared to the same length
combustor, "Extended-Length Liner," the CO and H/C emissions were
less at low-power conditions. Howeverat power settings above
55%, for the CO and H/C emissions were higher than for the "Extended-
Length Liner." The NO results, presented in Figure 198, show higher
NOx emissions than with the "Conventional Combustor" and approximately
the same as with the "Extended-Length Liner." The smoke was signifi-
cantly reduced, as shown in Fig'ure 199, compared to either the "Con-
ventional Liner" or the "Extended-Length Liner."

The temperature profile (Tmax/Tavg) from the "Extended-Length, Pepper-
Pot Dome Combustor Liner", as shown in Figure 200, was worse than from
the "Conventional Liner" but better than from the "Extended-Length

Liner." With development, the temperature profile could probably
be improved to equal the "Conventional Liner."

The measured pressure loss of the "Extended-Length, Pepper-Pot Dome

Combustor Liner" was nominally 5.26. This compares, as shown in

Table LXVI, to 4.4% for the "Conventional Liner" and 4.8% for
the "Extended-Length Liner."

Using the emission data presented in Table LXVI and Figures 196
through 199, the emission index for the selected LOH duty cycle
was calculated. The total emission index for the "Extended-Lengthp
Pepper-Pot Dome Combustor Liner" was 16.083 lb emission/lO00 lb
fuel. This compares to 32.945 lb/1000 lb fuel fur the "Conven-
tional Liner." Therefore, as shown in Table XLVI, the total
emissions from the "Extended-Length, Pepper-Pot Dome Combustor Liner"

were 49% of the emissions from the "Conventional Liner" and met~this part of the contract objectives. Howeverpas shown In

Table XLVI, the NO, emission index compared to the "Conventional
Liner" NOx emission index increased and did = meet the contractobjective. For the soame length liner 'Extended length"), the

"Extended-Length, Pepper-Pot Dome Combustor Liner" had approximately
the same total emissions but a major reduction in .particulates
(smoke).

Visual examination of the combustor liner after the tests did nMt
reveal any apparent damage.

The "Extended-Length, Pepper-Pot Dome Combustor Liner" gave a 51%
reduction in total emission compared to the "T63 Conventional
Liner." However, the NOx Increased 33% (this Increase was offset
by CO, H/C, and particulate reductions to give the total reduction
of 51%). This increase In NOx could be controlled by variable
geometry. Howeverthe CO and CxHy emissions would then increase.

Additional improvements in emissions from this cvmbustor might be
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TABUE LKVI. CONPARISON Of T 14MOUENCRATIVE EMISSION/OMISTOR
PERFORMUCE OF (1) CONTIIOINd. LINER, (2) DMfhI)D-
LENTIH LINER, (3) ETNDED-LE1T4, PEPftR-VO? DOME

Co. (pp) 693 MS %96 363 Z1'. 7
N/Cdpp.) 1o0 37 IS.6 4.1 0.7 0.
NO (On-.Line, WDIR NDUV)frsm) 47.0 32.0 41.1 5.6 16.0 61.0
mot On-~fLine. CL) (PPM) 17.2 Z3.1 MA1 W.7 S4.3 10.6
No ,(Sellaen) (PPM) 163 27.6 37.5 %S.9 $1.3 90.

I. Pressurev Loss N .63 5.51 co3 14.4% 4.18 44.4
C. temp. Pv~f tl 1.111) IIt 1.1462 1.110 1.113 1-10% 1,0tS

CO, (ppo) fal1 2"1 161.S 14.0 38.6 22.6

449. 11 $-1 .1.0 0.1 0s
pow,(On.Lin. NDIR 4 N*V)p) 2S.0 33.0 313 $6.5 72.0 119.
mol 4 (On-L~.C4p. 11-0 26.A 3o1.0 70 0.0 113

'14.6 "63 510 .0 79.7 113Aq
1.2 3.74 3.6 260 s2 .Sq

I Cateodgd.(antth tvpoeuPat C~ Uner

Co. ("as) 342. 209.6 13S42 111.4 MI. ".4

(l3-1a. 0") 21-4)(p) .o~1 s. 1 1 .0 1.0

IL.

0.0 X.1



obtained by further "tailoring" of the fuel spray angle with the
dome slope angle.

The moqt outstanding feature of the "Extended-Length.,Pepper-Pot Dome
Combustor Liner" was the 99% reduction in particulates (smoke).

This low smoke feature could have immedinmte application in combus-
tors which require smoke control.

DELAED 2UENCH COMBUSTOR

One of the additional concepts selected during the Task 3 experi-
mental studies was the "Extended-Length,Delaved-Quench Combustor
Liner." The concept was based on the results of the "Extended-
Length,Early.Quench Combustor Liner" which showed that when the
primary holes were moved closer to the dome for earlier quenching,
the CO, CXHY. NO., and particulates 3ll Increased. The "Extended-
Length, Delayed-Qje'ch Combustor" incorporated the following
teatures to reduce emissions-.

Delayed primary air quench to further evaluate the effect of
axial iocation of the primary air on combustor performance
and emissions.

Ext~ended length to allow additional residence time to react
the t@f, C H , and particulates. Previous reaction kinetics
stud-S Skidyepriments in Task 2 had shown that the
extended length would significantly reduce CO and C H
emissions with a small Increase In NOx emissions.~

The modifications made to the conventional liner to obtain an
"Extended-Length, Delaye Quench Liner" were:

*Add constant-di, amwter, 6--inch-long section between the
primary holes and the film coolant step.

*Close original oofriayhl.

MWAd new row of primary holes (*s# as original. TO3
conventional)., In now location,whf oh is 1.10 inches farther
from the dome than the conventional.

The hole patterns and stte for the "fxtended-en6th, lM2.yeJ-Quench
Liner," "Conventional Liner," and "Extended Length Liners" are
shown in Figure 201. All three liners had the same airflow area
split as tabulated below.
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Dome Holes . .. . .11.8%

First Cooling Step............. 11.2%

Primary Holes ................. 26.3%

Second Cooling Step ........... 11.2%

Trim Holes .................... 15.2% -

Dilution Holes .......... 2... 24.2%

99.9%

With the above calculated flow splits, the primary zone equivalence
ratio at T63 maximum power is 0.77.

The "Extended-Length,Delayed-Quench Liner" was tested in the T63
combustor rig at the nonregenerative T63 combustor conditions
tabulated in Table IV. The tests were conducted at steady-
state conditions using JP-4 fuel. The emission, pressure loss,S.and temperature profile results are summarized and compared with
the "Conventional T63-A-5A Liner" and the "Extended-Length Liner" in
Table LXVII. The data sumnary in Table LXVIII compares the three
axial positions of primary holes in extended-length configurations:
"Extended-Length, Early-Quench," "Extended Length," and "Extended-
LengthDelayed-Quench." All four liners were tested with the con-

S ventional T63 pressure atomizing fuel injector and JP-4 fuel.

-' -Carbon monoxide, hydrocarbon, oxides of nitrogen, and smoke emis-
sion results for the "Extended-Length,Delayed-Quench Liner," the
"Extended-Length, Early-Quench Liner," the "Extended-Length Liner,"

-and the "Conventional Liner" are plotted in Figures 202 through 205.
Comparison of the emission data in these figures shows:

The CO and CxHy emissions were all below the concentration
levels of the 'Conventional T63-A-5A Liner" but above the
levels of the "Extended-Lngth Liner." These emissions were
also below the "Extended-Length,Early-Quench Liner" levels.

The N0 emissions as measured with NDIR and NDUV instruments

were equal to or lower than the concentration levels of the
"Conventional T63-A-SA Liner" at low power levels, but they
were higher at 75% and 100% power points. Compared to the
"Extended-Length Liner" the NO was lower; but for the
"Extended-Length,F arly-Queneh'"the NOx emissions were about
the san:e based on NDIR + NDUV data.

° The smoke data comparison in Figure 205 reveals a marked
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TABLE LXVII. COMPARISON OF T63 NOiREGENERATIVE EMISSION/COMBUSTOR
PERFORMANCE OF (1) CONVENTIONAL COMBUSTOR, (2) EX-
TENDZD-LEGTH COHBUSTOR, (3) EXTEIJED-LENGTH, DLAYED-
QUJENCH COMBUSTOR

I. Conventional Liner Cycle Point
A . Emssions 1i 6 5.. . 3 2

CO. (ppm) 893 652 496 383 214 7S
H/C. (ppm) 100 37 15.8 4.1 0.7 O.,

NO x (On-Line, N)IR & N pUV)(ppm) 17.0 32.0 41.1 45.6 58.0 81.0

NO, (On-Line, CL) (ppm) 17.21 23.4 32.6 40.7 56.3 80.6

N , (Saltzman) (ppm) 18.5 27.8 37.6 45.9 61.3 90.6
Smoe mber 3. 7. 12. 17. 25. 30.

1. Pressure Loss (%) 4.63 '4.51 4.53 4.44 4.38 4.14
C. Temp. Profile (Tux/T v) 1.115 1.142 1.120 1.113 1.104 1.065

1. Extended-Length Linez

A. Emissions

Co. (ppm) 495 298 185.5 94.0 38.6 22.6
K/C, (ppm) 9. XS.8 5.1 1.0 0.5 0.4

N 0.(0n-Line, NIR & NDUV)(ppm) 25., 33.0 39.5 S6.5 72.0 119.5
NO ,(On-Line, CL)(ppm) 19.0 26.5 35.0 47.0 68.0 113.3

N0x .(Saltzmen) (ppm) 24.8 38.3 41.0 56.0 79.7 123.9

Smoke Number 1.72 3.76 3.28 2.80 4.20 0.59
B. Pressure Loss (%) 5.10 4.61 S.09 4.91 4.74 4.59

C. Temp. Profile (T-a/Tavg) 1.229 1.210 1.198 1.171 1.129 1.188

K Ill. Extended-Length Delayed-Quench Liner

A. Emissions

Co, (ppm) 587.4 426.5 281.3 170.9 97.2 38.6

n/C, (ppm) 55.0 22.0 7.2 2.1 .9 .4

NOx. (On-Line, NDIR & NDUV)(ppm) 23.5 29.5 37.0 46.5 67.5 103.0

N0, (Saltzman) (ppm) 23.5 34.4 .. .. .. 112.0

Smoke Number 29.72 41.62 43.8a 51.10 43.71 40.31

B. Pressure Loss (4) 4.74 4.S5 4.8S 4.55 4.S4 4.46

C. Temp. Profile (TsAx/Tavg) 1.143 1.174 1,171 1.157 1.229 1.239
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TABLE LXVIII. COMPARISON OF T63 NONREGENERATIVE EMISSION/COMBUSTOR
PERFORMANCE OF (1) EXTENDED-LENGTH, DELAYED-QUENCH
LINER, (2) EXTENDED-LENGTH, CONVENTIONAL-QUENCH LINER,
AND(3) EXTENDED-LENGTH, EARLY-QUENCH LINER.

1. Extended-LengthDelayed-Quenoh Liner - Cycle Point

A. Emissions 1 6 S 4 3 2

Co. (ppm) 587.4 426.5 281.3 170.9 97.2 38.6
H/C, (ppm) 55.0 22.0 7.2 2.1 .9 .4
No (On-Line, NDIR & NDUV) (ppm) 23.S 29.5 37.0 46.5 67.S 103.0

No., (Saltzman) (ppm) 23. 34.4 --.. .. 112.0

Smoke Number 29.72 41.62 43.88 51.10 43.71 40.31

S. Pressure Loss (%) 4.74 4.55 t!.85 4.55 4.54 4.46
C. Temp. Profile 1.143 1.174 1.171 1.157 1.229 1.239

11. Extended-Length Liner
A. Emissions

Co, (ppm) 49S 298 185.5 94.0 38.6 22.6

N/C, (ppm) '49. 15.8 5.1 1.0 0.5 0.4
No ,(On-Line, NDIR & NDUV) (ppm) 25.0 33.0 39.5 56.5 72.0 119.5

NOx, (On-Line, CL) (ppm) 19.0 26.5 35.0 47.0 68.0 113.3

NO x, (Seltzman) (ppm) 24.8 38.3 41.0 56.0 79.7 123.9

Smoke Number 1.72 3.76 3.28 2.80 4.20 0.59
A. Pressure Loss (%) 5.10 4.61 5.09 4.91 4.74 4.59
C. Temp. Profile (T ax/T va 1.229 1.210 1.198 1.171 1.129 1.188

Ill. Extended-LengthEarly-Quench Liner

A. Emissions

Co, (ppm) 455.2 389.9 257.6 139. 56.7
H/C, (ppm) ! 120.0 38.0 10.4 2.1 1.2

NOR, (On-Line, NDIR & NDUV)(ppm) 1 27.5 35.0 42.0 68.0 111.5
NO x "(Saltzman) (ppm) A 29.0 42.8 57.1 82.6 124.1

Smoke Number 11.5 12.9 20.5 22.S
A. Pressure Loss (%) 4.9 4.91 4.78 4.68 4.36

C. Temp. Profile (T mx/Tavg) 1.3023 1.206 1.2519 1.1938 1.1611

/-
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Figure 202. Nonregenerative T'i3-A-5A Combustor
Carbon Monoxide Data Comparison for Conventional
Liner, Extended-Length Liner, Early-Quench,
Extended-Length Liner, Delayed-Quench, Extended-
Length Liner.
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increase in smoke/particulates, higher than any of the other
three liners. The "Early-Quench Liner" produced less smoke
than the "Delayed-Quench Liner," but both produced signifi-
cantly more smoke than the "Extended-Length Liner" with its
standard quench primary.

Using the emission data presented In Tables XXVII and LXVII
and Figures 202 through 205, an emission index (EI) for the
selected LOH duty cycle was calculated. The total uuty cycle EI
for the "Extended-Length, Delayed-Quench Combustor Liner" was
21.193 lb emissions/l000.lb fuel. This compares with 32.9145 ib/ODO
lb fuel for the "Conventional Linew~r" and 15. 718 lb/O0O lb fuel
for the "Extended-Length Liner." Tnerefore, as shown in Table XLVI,
the total emissions from the "Extended-Length, Delayed-Quench Comn-
bustor Liner" were 614% of the emissions from the "Conventional
Liner." Compared to the "Extended-Length Liner," the effect of
delayed quench was to Increase the total emissions from 48% of
baseline to 644%, which Is a relative Increase of 33%.

The temperature profile (Tmax /Tsv) from the "Extended-Lngth,
Delayed-Quench Combustor Liner" was worse than the "Conventional

Liner" at all power levels, see Figure .206. It had a better ten-;
perature profile than either the *Early. Quench Liner" or the
up to SS% power. At 75% and 100% power conditions, Its temperature
profile yes the worst of the three extendedmlength combustors.

The average measured pressure loss of the "Extended-Length.Delayed-
Quench Combustor Liner" was 4.62% for the six dots points., This
compares to averege pressure losses of 44.W4% for the Tonvent Ions I
Liner" and 4.84% for the "Extended-Length Liner."

Visual examinatilons of the combustor liner after the test di-d a"
reveal any apprent damage.'

The "Etned-LengthDelayed-Queoch Liner" gave only a.36% Medction
in total emissions compared to' the "Conventional.1h3-A-SA Combustor
Liner." However, compared to the "Cxtended-Langth.Standard-Quenah
Comutor Linexi" the total. emissions Increased 33%. Thus, when also
consideriing the emission results from the *Ex tendd-Length,Early-
Quench Combuistor Liner,* moving the axial looation, of the primary
air holes either upstream (early-quench) or downstream (delayed-
quench) inceased the total emissions: from thwe mbustor. and
offered no performance advantages.

The delayed-quench approach tested for the T63 combsmstor did rot
Improve the emissione,and Its Inclusion In the final concept Is

uLrecoNMnded.
For best combustor performanc% the axial locations of the primary
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' air holes should be kept the same as they are in the "Conventional
T63 Combustor Liner."

Pm-EREVAPORIZATION COMBUSTOR

One of the potential concepts selected (based upon the Task 2
studies, partial results from Task 3, and data from a GKC company-;: i sponsored low-emisslon combustor progrem)for experimental evalua-

tion was the "Extendei-Length, Premix/Prevaporization Combustor
Liner." This concept Incorporates the following features to reduce
the emissions:

.. Prmix/prevaporization tube section upstream of the primary
section to ( a) premix the fuel and primary air and (b) to
prevaporize the fuel before the reaction zone., This premix/
prevporization feature was to improve combustion zone
homogeneity and to avoid fuel droplet burning.

" Convection cooling instead of film .cooling to avoid quenching
of the CO, Cx H y, and C.. reactions In the relatively cold film
air.

" Sudden expansion for flm stabilization.

*Leon primary zone to minimize NO, formation.
* Delayed dilution to consume the CO, CxHy, and C pollutants.

The "Exte.nded-LengthIPremix/Prevaporization Coabustor Liner" was
obtained from a WDA,' CC company-sponsorad program.. The liner was
designed for regenerative gas turbine engine applications. The
fabricated liner is shown in Fipre 207. The hole pattern and sizes
are compared with those of the. "Conventional Liner"Ln FiJpre 208. As
illustrated in Figure 208, both liners had the lsm exit diameter of
6*21 inches. The length of the "Extended-Length, Premix/PrevaporliatIon
Combustor iner" was 6.0 Inches Longer than the conventional T63. liner.

As shown In Figure 208 the total length of the primary no plus
the dilution zone was approximately equal to that for the Conventional
and Premix/Prevporliation Lners.

Other design characteristics of the Promix/Prevapotization Liner as
shown in Fipares 207 and 206 were the following.

" A double-wall construction was used to provide convection
cooling instead of the fis cooling which was used in the
conventional liner.

* A 6-inch-long premix/preveporization tube was installed upstream
of the primary section.
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The dilution holes were modified to change the size, number,
and axial location. The main feature, in regard to emission
performance, was to move the axial location 2 inches farther
aft to Increase the residence time for CO, CxHy, and C con-
sumption.

The calculated airflow to the primary section was 40% as com-
pared to 38% in the Conventional arid Extended-Length Liners.
Thus, the equivalence ratio in the primary of 0.73 was slightly
leaner than the 0.77 equivalence ratio in the T63 Conventional
Liner.

The "Extended-Ler :th, Premix/Prevaporization Combustor Liner" was
tested with JP-4 fuel att

T T63 nonregenerative, cycle point S conditions. As tabulated 2
in Table IV, these conditions are: 2.53 lb/sec airflow rate,
397*F inlet air temperature, b3.7 psia inlet air pressure, and
0.0131 fuel/air ratio.

T63 nonregenerative, cycle point S conditions except the
fuel/air ratio was increased to 0.0145.

* i fuel/air ratio was increased to 0.0185.

-rhe latter two conditions were investigated because of the high CO
and CxH . emissions at the design fuel/air ratio. This data at the
higher Lel/air ratio would provide the emission performance trade-
off data required to assess the potential of the prmix/prevsporIsa-
tion approach if the liner were modified to change the primary/
dilution airflow split.

tWmssion. pressure loss, and temperature profile for the
"Conventional Liner," "Extended Lenath Liner" and "Premix/Pre-
vaporization Liner" are compared in Table LXX. As shown in this
Table LXIX, the PreMIx/PrevaporlzatIon Liner had much higher total
emissions than either of the other liners at the design fuel/air
ratio. The CO and C1K. were, considerably higher, but the NOX was

.rlewr. This would indicate a very lean primary tone,and it was de-
cided to increase the primary zone fuel/air ratio to establish the
eelasion trade-off performance; i.e., allow the NOs to increase to
the Cunventional Liner value and determine the effect on CO and
CxH . These tests were conducted at two additional fuel/air ratiOl

SO.Ol.S and O.01S,and the results,. presented in Table 1,14X and
Figure 209, show that substantial reductions were achieved in CO
sod CiMUv with only moderate Increases in NOx . These emission
perfoFmince trade-off comparisons show that the Promix/PrOapori-
sation mission performance is better than that of the Conventional
Liner, but probably not sufficient to meet the contract emission goals
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TABLE LXIX. COMPARISON OF T63 NONREGENERATIVE EMISSION/CQBUSTOR I~~PFRFORMANCE AT CYCLE POINT #5 (40% POWER) IKX'T

CONDITIONS OF (1) CONVENTUO-VAL LINER, (2) EX(TENDED-
LENGTH LINER, AVD (3 ) PREMIX/PREVAP3RIZATION LINER

tI. Conventional Liner Overall Fuel/Air Ratio

A . E~ l s s i o ,,s1 Q~.l . 1 4 5 1 .0 1 B 5 ..

Co. (ppm) 496
H/C, (pp') 15.8
NOx, (On-Line, NDIR X, NDUV) (ppm) 41.1
NO . COn-Line, CL) (ppm) 32.6
NO, (Saltzrnn) (ppm) 37.6
Smoke Number 12.

D. Pressure Loss ( '4.53

C. Temnp. Profile (Tma /Tavg) IIVO
1I. Extended Length Liner

A. Emissions

Co, (ppm) 185.5

uC', (Ppm) 6.1

NO (On-Line, N)IR & NDUV) (ppm) 395

NOx,, (On-Line, V.L) (ppm) 35,0

NOx , (Saltzm n) (pp1n) 41.0
Smoke Number 3.28

B. Pressure Loss ( 5.09
C. Temp. Profile T max/r vg) 1.198

Ill. Premix/Prevaporizer, Mod. B-i Liner

A. Ennissions

CO, (ppm) 1042.5 404.2 247.5

H/C, ,ppm) 600.0 60.0 14.4

NO, (On-Line, NDIR & NDUV)(ppm) 14.s 18.0 49,0

NOx, (Saltzman) (ppm) 'v,65 14.3 -

Smoke Nofmber-
B. Pressure Loss (%) 12.28 13.67 12.94

C. Temp. Profile (Tmax/TAvg) 1.198 1.135 1.240
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with the specified restraints even if it were redesigned to change
the airflow split.

Using the emission performance trade-off data, as presented in
Figure 209 , an assessment of the potential emission reduction was

calculated. This calculation was made by equating the NO, from the
"Conventional Liner"and the"Premix/Prevaporization Liner." As shown
"in Figure 209, this occurs at a fuel/air ratio of approximately
0.0178 in the "Premix/Prevaporization Liner." The corresponding
CxHv and CO emissions would then be 16.7 and 250 ppm respectivelyI, for the'"remix/Prevaporization." These emissions were then used to
calculate the emission index for cycle point 5.

The assessment shows that the "Premix/Prevaporization Liner" is 42%
better in emission performance than the "Conventional Liner." How-
ever, the "Extended-Length Liner"(which was approximately the same
length as the "Premix/Prevaporization Liner"), demonstrated lower

-- emissions than the "Prenix/Prevaporization Liner." The only change
made to the "Conventional Liner" to obtain the "Extended-Lenvzth
Liner" was to add a 6 inch cylindrical section upstream of the dilu-
tion holes. Many more extensive changes are necessary to obtain a

"Premix/Prevaporization Liner", thus increasing the development and
application risks.

PRECHAMBER COMB IULTR

One of the iow-emssion combustor concepts selected during the
Task 3 experimental studies was the "Extended-Length, Prechamber
-Combustor Liner." The concept was based upon fuel prevaporizaton
approach investigated by Hussmann and Maybach in which recircu-
lated combustion gases vaporized the fuel from the surface of a
fuel film. The vaporized fuel was then mixed with inlet air and
combustion gases prior to combustion. A combustur based upon this

:I fuel vaporization concept was designed, fabricated, and pre-

viously tested in a DDA, GMC gas turbine engine program. The
combustor was loaned to this program to evaluate its potential
emission performance for nonregenerative, gas turbine engine
combustors. The combustor used a ring of tangential fuel jets
which spread a thin film of fuel on the inside of a precombustion
chamber or prechamber. The swirl air passing through the pre-
chamber mixed with a portion of the hot combustion gases, which were
transferred upstream in the swirl vortex. This high-velocity,

. elevated-temperature swirl vaporized he fuel at the gas-liquid
interface along the fuel film. The vaporized fuel-air mixture then

expanded out into a large-diameter reaction zone, in which the
recirculation was stabilized by the swirl from the prechamber. The
combination of prevaporized/premixed fuel coupled with a strong 4
primary-zone recirculation from the prechamber swirl produced a
uniform reaction temperature (no hot spots) in a small volume
(low residence time),which kept the NOx low. Prevaporizing the
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fuel without cracking the distillate reduced the particulates. The
extended length added between the reaction zone and the dilution
holes provided longer residence times at intermediate temperatures
for consuming the CO, C H and carbon emissions.x y

The modifications made to the conventional liner to obtain an
"Extended-Length, Prechamber Liner" as shown in Figure 210 were:

Replace the portion of the conventional T63 combustor liner
upstream of the dilution zone cooling annulus with all new
hardware. The principal components include:

0 Primary air radial swirler.

Wall fuel-film injection system.

Wall fuel-film vaporizer tube.

$°Vaporizer tube centerbody.

o.Constant-diameter reaction zone.

° Convection cooling shell over the reaction zone.

o Replace the dilution and trim holes with a single set of

* dilution holes 2.10 inches from the end of the liner.

° The total length was 15.56 inches compared to 9.56 inches

for the conventional T63 liner.

: The airflow distributions for the "Extended-Length, Prechamber Com-
bustor Liner" are itemized below for the two versions tested. The

initial design flowed maximum inlet air through the swirler. The
first modification (Mod. "A") used a larger diameter centerbody

* which restricted the swirler air and enriched the prechamber and
thus the reaction zone.

Redu cedInitial Desian do. i !a.K . A -1x fc

Prechamber Swirler 27.2% 17.U

Reaction-Zone Holes 6.9% 7.8%

Cooling Step 25.1% 2a° 7q

Dilution-Zone Holes 40.8% 46.5%

100.0% 100.90

.38
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Figure 210. Preliminary Low-Emission, Extended-Length,
Prechamber Combustor Liner.4
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Using the above-calculated flow splits, the reaction-zone throughput
equivalence ratios at T63 maximum power were 1.08 for the initial
design and 1.72 for the reduced primary airflow design. These
equivalence ratios compare to 0.77 equivalence ratio for the conven-
tional T63-A-SA combustor liner at maximum power conditions. A com-
parison of the "Prechamber Liner" with the baseline combustor is
shown in Figure 211, and a photograph of the "Prechamber Liner"
tested is shown in Figure 210.

The "Extended-LengthPrehamber Combustor Lir.3r was
tested at the conditions presented in Table IV. The tests were
conducted at steady-state conditions, in the DDA Combustion Research
Laboratory, using JP-4 fuel.

The emission, pressure-loss, and temperature-profile results for the
two "Prechamber" liners are summarized and compared with the
"Conventional Tb3-A-SA Liner" and the "Extended-Length Liner" in
Tables LXX and LXXI. As shown in the tables,the initial "Prechamber
Liner" would not sustain combustion at T63 idle conditions, and no
data was obtained at maximum power due to the failure of the center-
body. The richer primary-zone "Prechamber Liner" suffered a fuel
line failure at maximum power conditions which terminated the test
with no more data being taken. The richer reaction zone and
resultingly higher temperature coupled with the high differential
pressure across the liner to collapse the reaction zone dome
and then to fracture the fuel supply tube weld at the fuel
manifold. The emission data obtained from the two tests are
plotted in Figures 212 through 215. Comparison of these data
shows the following results:

Carbon monoxide emissions, shown in Figure 212, were con-
siderably reduced by both "Prechamber Liners." Concentra-
tions at 40% and 55% power were even below the CO concentra-
tions of the "Extended-Length Liner."

Hydrocarbon emissions in Figure 213 exhibited a trend similar
to the CO emiasions. From a relatively high concentration at
the lowest performance condition, concentrations immediately
reduced to values below 5 ppm..

* The "Prechamber Liners" produced very low levels of NOx at all
operating conditions. As shown in Figure 214, conventional
T63 liner idle NO concentrations were not reached until 40%
or 55% power conditions.

* The CO vs NOx data show that the "Prechamber Liners" provided
a significant technology improvement in the reduction of both
CO and NOy. at several operating points.
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-iuOCX. COMPARISON Of T63 ?3NREGENERATIVE EMISSIOWVCOMBURqm
PERORMNCEOF 1)CONVENTIONAL COMBUSTOR. 2 X

TENDE-LEGTH COMBUSTOR, AND) (3) EXTENDED-LEGTH,

PREOIAMBER COMBUSTORI
1. Conventional 1.1ner Icycle Point

A. Emissions 1 6 S 4 3 2

Co(p 893 652 1496 383 214 75 I
M/c, (ppa') 100 37 15.3 4.1 0.7 0.t
NAO x dOn-Line, 11)11 NDUV)(ppm) 17.0 32.0 41.1 %S.6 58.0 81.e 3~
NO. (on..Lne, CL) W~) 17.2 .23.4 32.6 40.? S6.3 80.6
NOX. (Salta -an) (PPO) 13.5 27.8 37.6 %5.9 61.3 90.6
Smoke Nomber 3. 7. Ia. 17. 25. 30.

3. ftvssuiw 14e0(6 4.63 4.51 4.53 04.14 %. 38 %.14
C. Tap'. Ptofile (Ton ITovs) 1.115 1.14?2 1.120 1.1131 1.104, 1.06i

IT. Extended Length Liner- -- - -

A. Emissions 4. 1.10 386
Co, We29) 41S 296 181.5 94.0 386 22.b

weC. (p9) 49 SA5I1. - 0:4

so (on-Liee, CL) (p9.) 19.0 26.5 3S.0 47.0 68.0 113o(n. 18&QV)pi) 20 3.0 9. 5.5 7: 1.)9
No (Seltaman) (Ppm) 2%.31 38.3 41.0 16.0 i,1 123 9

Sake Mminer 1.72 3.76 3.23 2.10 14.20 1, .54
I . hvssons Less 5~ .10 4.61 1.09 I.1 &.?4  %.$I

WI. Woded LengtN~ Prvc~wbor iner - - -

A. Emisoef

(p~w)127.0 17 384.
x/.(pp') &4. 4.2 .2 .

Ne, (vltazmn) (pp.) 4.2 9.1 11.1 44.
Seek. Number 0.0 0.0 0.0 0.0j

I. Prnssute Loss 2 2.07. Z2.8% 23.13 21537J
C. Tomp. Ptuil@ (?esaITewg) 1..31.109 1.119 1.02J
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PERFORMANCE OF (1) £XTfEND:D-LENGTH COMBUSTOR, (2)
EXTENDED-LENGTH. PRECHANDLA COiMBUSTOR AND (3) EX-
?ENDLD-LENGTm, PRECHANSLR COMIUSTOR WITH RICH PRIMARY

£~t~d ~Cycle Point

A. ftsamas 1 6 s ' 3 2

Col (pis) %95 296 18S.5 911.0 38.6 22.6

/c, (pss) 49. .s S.1 1.0 0-S 0.11

Mg, (on-Iun. NDIa N MUV) (ppe) 2S.0 33.0 39.S S6.5 72.0 119.5
03.(Ss~tsman) (ppm) 2%.j 36.3 '61.0 56.0 79. '123.9

uce l -r1.72 3.70 1.28 2.80 '6.20 0.59

I. rFsmame Lose (.%0 4.61 5.09 .4.91 14.7 04.S9

W.) (pps) '691.2 127.5 '69.7 3m. 9

lfc. (ppm) Q 42 .,1) 1
NO*(n.ln, il It~V)(pm)8.0 12,0 17.0 Is .5

GoM*ae 0.0 0.0 0.0 0.0

Pmwe Lee (N 22.64 23.13 21.57

to*. Proftl1 (TeadT,,) 1.113 1.109 1.119 1.092

IU tteodgdlLosgth , ProctowsberLer sth

Rkidiet Priesry ZoneI
A. tmdsslm

C.(PON) USS3 61.2 3's.0 '0.1

U,(Oo*Lne. WL IP WV(pms) 5.1 9.S 18.0 21.0 '69.5S
* (Saito"") (pps) 2.76 S. a 9.96 24.2 -

ftoe owWr 0.0 0.0 0.0 0.0 0.0
8. fte*mte Lose C)22,28 2.56 24). A .8 ) I z NJ
C. te'y. toUc .0 1.104 1185s .193 I.IS0
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The most significant data are the smoke data givcn in
Figure 215. As shown by these --urves, smoke was z for
all operating conditions at which the combustors were operated.

The temperature profiles (Ta/Tg) from the "Extended-Length,
condiionsavg

Prechamber Combustor Liners" were quite good for most of the operating
conditions, as shown in Figure 216. The initial design "Prechamber
Liner" produced a very consistent profile. A significant fact to
remember, however, is the excessively high pressure loss experienced
by these combustors since they were operating at conditions consider-
ably beyond their design points.

The measured pressure losses of the "Extended-Length, Prechamber
Combustor Liners" were nominally 22.63% for the initial design and
23.40% for the richer primarv-zone design. These excessive pressure
losses make the "Prechamber Combustor Liners" impractical as de-
signed. Resizing the swirler and all primary and dilution holes for
lower pressure loss is required to give his combustor concept appli-
cation as a gas turbine combustor. 4
Using the emission data presented in the Tables LXX and LXXI
and Figures 212 through 215, the emissions index (El) values for
the selected LOH duty cycle were calculated. The total EI ior the
"Extended'Length, Prechamber Combustor Liners" required extrapolation I
of the actual data to those conditions for which emissions date were
not obtained. For the initial design "Prechamber Liner" this

required extrapolation to both idle and maxim~im power 163 conditions.
The idle CO and CxHy concentrations used werc equal to conventionalj
liner concentrations for CO and above conventional liner concentra-
tiorw for CHy. The NOX level was maintained at approximately the
25% power concentration. At maximum power, CO,and CxHy were
*aintained at concentrations near those at 75% power, and 0 x was
extrapolited to a concentration nearly double the 75% power NOX
level. For the richir primary-zone versionthe extrapolations for
ma:auxlw power resulted In a CO concentration equal to that of the

* conventional liner~and C H was held at the 75I% power level. The
* NOx was extapolated to a toncentration above the conventional NOx

level at maximum power, even though the NOI conentration of the
Prechamber was below the conventional at 75% power. Smoke/
particulate* for all extrapolated points were assumed to be zero.

dsing the actual and extrapolated emission data resulted in a calcu-
lated total El of 13.517 lb/WlOO lb fuel for the initial
"Prechamber Liner" and 10.641 lb/lO") lb fuel for the richer primary
zone version ("od. "A"). Ther0ore. as shown in Table XLVI,
the total emissions from the two ".xtended-LengthPrechamber Combus-
tnr Liner" werv 41% and 32% of ie etaissions from the "Conventional
T63 Liner" and mt this portion of the contract objectives. As also
shown in Table XLVI, each constituent emission was reduced, and no con-
stituent increased above the "Conventional T63 Liner" emission levels.
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Visual examination of the emwhustor liners after the tests revealed
that damage had occurred to each. In the initial design liner, the
high pressure differential at maximum power fractured the tack welds
holding the centert ,dy, causing it to be carried downstream and lodge
against the exhaust instrumentation section of the test rig. The
richer primary-zone configuration experienced a collapsing of the
reaction-zone dome.

The movement of the vaporization tube assembly aft was restrained
by only the fuel line, which ultimately fractured at the
foel-line fuel-manifold weld. Raw fuel was caried through the
swirler (two blades were destroyed) and onto the larger centerbody. I
The burning fuel melted the centerbody, destroying it, and melted
a sizable hole through the "aporizer tube. These failures termi-
nated any further testing of these liners.

The "Extended-Length Prechamber, Combustor Liners" gave reductions
of 59% and 68% compared to the "Conventional r63-A-5A Combustor
Liner." Therefore,the "50% minimum reduction of total emissions"
objective for the contract was met. The second objective, "no
constituent emission increase", was also satisfied. Significant
reductions in all individual emissions were obtained. The most out-
standing feature of this combustor concept was the elimination of
smoke (particulates) at all operating conditions tested. Tempera-
ture profile was also very good, especially in the initial design
"Prechamber Liner."

The worst feature of the "Extended-Length,Prechamber Combustor
Liners" was the exceptionally high pressure loss experienced when
the combustors were operated at the T63 combustor conditions. These
combustors were designed for a much lower airflow and inlet pres-
sure, but they were tested at T63 conditions because of their
availability from another combustor program.

Because of the high reduction in both total and individual emissions,
it was recommended that the "Extended-Length, Prechamber Combustor

Liner" concept be included as one of the final concepts to accon-
plish the contract objectives.

.~2.QPIMUM PRIMARY COMBUSTOR

One of the low emission concepts selected during the Task 3 experi-
mental studies was the "Extended-Length, Optimum Primary-Holes
Combustor Liner". The concept is to replace the existing twelve-
hole primary hole pattern with a symmetric six-hole pattern pro-
viding the same primary-zone air addition. It was anticipated that
a fewer number of larger jets of air would increase the primary
zone mixing and recirculation,thus reducing emissions by attaining
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more uniform combustion. The "Extended-Length, Optimum Primary-
Holes Combustor Liner" incorporated the following features to reduce
emissions:

Six equally spaced primary air holes to evaluate the effect

of the primary air hole pattern on combustor performance and

emissions.

. ~Extended length to allow additional residence time to react

the CO, CXHy , and particulates. Previous reaction kinetics
studies and experiments in Task 2 had shown that the extended
length would significantly reduce CO and CXHy emissions with
a small increase in NOx emissions.

The modifications made to the conventionai liner to obtain an
"Extended-Length, Optimum Primary-Holes Liner" as shown inI Figure 217 were:

1. Add constant-diameter, 6-inch-long section between the
primary holes and the film coolant step.

* 2. Close original row of primary holes.

3. Add new row of six 0.750-inch-diameter primary holes in the
same axial location as on the conventional T63 liner.

The hole patterns and sizes for the "Extended-Length, Optimum
Primary-Holes Liner," and "Conventional Liner," are shown in
Figure 218. Both liners had the same airflow area split as,
tabulated below:

Dome Holes ..... ................... 11.8%

First Cooling Step ................. 11.2%

Primary Holes ...................... 26.3%

Second Cooling Step .................. 11.2%

Trim Holes ......................... 15.2%

Dilution Holes ..................... 24.2%

99.9%

With the above-calculated flow splits, the primary-zonp equivalence
ratio at T63 maximum power is 0.77.

The "Extended-Length, Optimum. Primary-Holes Liner" was tested in
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the T63 combustor rig at the nonregenerative T63 combustor condi-
tions tabulated in Table IV. The tests were conducted at steady-
state conditions using JP-4 fuel. The emission, pressure-loss, and
temperature-profile results are summarized and compared with the
"Conventional T63-A-SA Liner" and the "Extended-Length Liner" in
Table LXXII. All three liners were tested with the conventional
T63 pressure atomizing fuel injector and JP-4 fuel.

Carbon monoxide, hydrocarbon, oxides of nitrogenand smoke emission
results for the "Extended-Length, Optimum Primary-Holes Liner," the
"Extended-Length Liner",and "Conventional Liner" are plotted in
Figures 219 through 222. Comparison of the emission data in these
figures shows:

The CO emissions shown in Figure 219 were significantly
below the "Conventional T63-A-SA Liner" concentrations and
slightly below the "Extended-Length Liner" levels.

A significant improvement was made by the "Extended-Length,
Optimum Primary-Holes Liner" in further reducing the hydro-
carbon emissions below the low concentrations already achieved
by the "Extended-Length Liner." As seen in Figure 220,the
hydrocarbons were more than a factor of three lower than the
concentrations froma the "Conventional T63-A-SA Liner."

The NOx emissions plotted in Figure 221 were higher than the
concentrations for the "Conventional T63-A-SA Liner," re-
maining almost equal to the "Extended-Length Liner" at each

* operating condition.

The level of smoke/particulates was only half of the level
from the "Conventional T63-A-SA Liner," although these emis-
sions increased above those measured from the "Extended-Length
Liner."

Using the emission data presented in Table LXXII and Figures 219
through 222, an emission index ( ElI ) for the selected LOH duty
cycle was calculated. The total duty cycle EI for the "Extended-
Length, Optimum Primary-Holes Combustor Liner" was 14.459
lb/1000 lb fuel. This compares with 32.946 lb/1000 lb
fuel for the "Conventional Liner" and 15.718 lb/1000 lb fuel for
the "Extended-Length Liner." Therefore, as shown in Table XLVI,
the total emissions from the "Extended-Length, Optimum Primary-
Holes Combustor Liner" were 44% of the emissions from the "Conven-
tional Liner." Compared to the "Extended-Length Liner," the effect
of the six-hole primary pattern was to decrease the total emissions
from 48% of baseline to 44%, which is a relative decrease of 8%.

The temperature profile (Tmax/Tav ) from the "Extended-Length,
Optimum Primary-Holes Combuator Liner" was worse than from the
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TABLE LXXII. COMPARISON OF T63 NONREGENERATIVE EMISSION/COMBUSTOR
PERFORMANCE OF (1) CONVENTIONAL COMBUSTOR, (2) EX-
TENDED-LENGTH COMBUSTOR, AND (3) EXTENDED-LENGTH,
OPTIMUM PRIMARY-ZONE COXIBUSTOR

I. Conventional Liner Cycle Point

*A. Emissions 1 6 5 4 3 . .2. .
CO, (ppui) 893 652 496 383 214 7S
H/C,(ppm) 100 37 15.8 4.1 0.7 0.6
NOx(On-Line, NIR & NDUV)(ppm) 17.0 32.0 41.1 45.6 58.0 91.0
NOx,(On-Line, CL)(ppm) 17.2 23.4 32.6 40.7 56.3 80J
N%, (Saltzman) (ppm) 18.5 27.8 37.6 45.9 61.3 90.6

Smoke Number 3. 7. 12. 17. 25. 30.

B. Pressure Loss ( ) 4.63 4.51 4.53 4.44 4.38 4.14

C. Temp. Profile (Tmax/T av) 1.11$ 1.142 1.120 1.113 1.1041 1.06S

I1-.tEitened-Lenth Liner

A. Emissions

CO. (ppm) 495 298 185.5 94.0 38.6 22.6.

./C, (ppm) 49. 1S.8 5.1 1.0 0.5 0. 4
No11(On-Linc, NDIR &NDUV) (ppm) 25.0 33.0 39.5 56.5 72.0 11.
NO0x (On-Line. CL)(ppm) 19.0 26.5 35.0 47.0 &8.01 113.3

NO (Saltzman) (ppm) 24.8 38.3 41.0 56.0 79.7! 12 3.
*ISmoke Number 1.72 3.76 3.28 2.b0 4.20! 0.59

8. kressure Loss (M~) 5.10 4.61 S.09 4.91 4714.59

C. Temp. Profle (T,, v/Ta) 1.229 1.210 1.198 1.171 1.1Z9i 1.1R8

* iii. ~Extended-Lengtt Optimum PrImary-Zone -- -J

CO. (ppm) 482.7 278.6 150.8 75.6 33.3 16.7

H/C. (Sfpm) 33.0 9.0 1.7 .4 A4 .0
NOXI,(On-Line, NOIR & NDUV)(ppm) 24.5 26.0 40.5 57.0 7Si.S 118.5
NOX I (Saltzmart) (ppn) 22.6 33.7 45.6 -.- - -

Smoke Number 0.00 0.00 2.60 5.51 13.06 14.03

1I, Pressure Loss (9) 5S05 5.28 5.19 44.83 4.76 4.48
C. Temp. Profile (Tm./T '1.192 1.17? 1.151 1.181 1.193 1.155mxavs
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"Conventional Liner" at all power levels; see Figure 223. It had
slightly better temperature profile than the "Extended-Length Liner"
for all operating conditions except 55) and 75% power.

The average measured pressure loss of the "Extended-Length, Optimum
Primary-Holes Combustor Liner" was 4.93% for -he six data points.
This compares to average pressure losses of 4.44% for the "Conven-
tional Liner" and 4.84% for the "Extended-Length Liner."

Visual examinations of the combustor liner after the test did n
reveal any apparent damage.

The "Extended-Length, Optimum Primary-Holes Combustor Liner" gave
%a 56 reduction in total emissions compared to the "Conventional i

Tb3-A-SA Combustor Liner." Compared to the "Extended-Length Combus-
tor Liner" the total emissions decreased 8%. Thus, when also consid-
ering the emission -results from the "Extended-Length Combustor

. Liner", changing the number of primary air holes from twelve to six
may not detrimentally affect the cimbustor's performance or emission
production, The six-hole pattern effected lower C Hy, higher par-
ticulates, and no significant change in CO and NO '"

*- The six-hole primary-air injection approach did not significantly
reduce the total emissions below the levels attained by the conven-
tional twelve-hole approach. It is therefore recommended that since
the six-hole primary air has almost no effect on CO and NOx, which are
the major contributors to the total emissions in the T63 combustor,
the changv from twelve to six primary holes noQ to be incorporated Into
the final design*
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APPENDIX III

DESIGN AND EXPERIMENTAL RESULTS OF THE FINAL,
PRECHAMBER, LOW-EMISSION COMBUSTORS

Two final combustor configurations were selected from the test re-
sults of the seventeen preliminary combustors evaluated during the
first part of Task 3. These two final combistors were identified
as thenFinal Prechamber Combustor Linernand the'Tinal Modified Con-
ventional Combustor Liner." Reported in this appendix is the "Final
Prechamber Combustor Liner."

Two of the preliminary low-emission conbustor concepts which showed
substantial emission reductions were the"Rich Premix/Swirl Combustor
Liner"and the"Prechamber Combustor Liner ". Both of these combustors
utilized a premix cup with a swirl dome, a sudden expansion into the
reaction zone, convection cooling of the reactiea zone, extended
overall length, and delayed dilution. One fundamental difference
between these two preliminary liners was the '..thod of fuel
injection. The"Rich Premix/Swirl Combustor"used a conventional T63
pressure dtomizing fuel injector, centrally located in the swirler
dc.ae of the premix cup. The "Prechamber Combustoe' injected the
liquid tuel on the inside wall of the premix cup or vaporizer tube
and relied upon the high-velocity swirl air to vaporize the fuel
off the wall.

Being quite similar in several respects, these two premiA cup pre-
liminory combustors were combined into a single final design com-
bustor called the"Final Prechamber Combustor Linr ,As can be seen
In the photo';raph in Figure 224, both the pressure atomizer and the
wall fuel film injection methods were incorporated into the premix
cup or vaporizer tube dome end ot the liner. The overall length of
the Final Prechamber was reduced from the prellminiry combustor
lengths to be only I inches longer than the conventional T63
combuttor. This reduction in length was obtainvu by reducing the
comibutor lezIt.-th between the reaction-zone row of holes and the
dilution row of holes. The reaction.-tooe liner diametet- was inrreaged.
from 5.30 inches to 6.34 Inches to provide moro co.bustian vllowu- and
to Increase the inlet air velocity bertween the liner and the outer
combustor case to create a convection cooling region along the
liner reaction zone. Uelayed dilution was retained for consumption
of the carbon mon-xide, hydrocarbons, and particulate*.

A number of minor and major modifications on the -rinal Prechamber
Cobustor"were made in attempts to further redsce emissions and
Improve combustor perforsince. These m difications are suwarized
in Table LXXIII. The firs: rework of the Final Pr-chamher' was to
removv 1.50 inches of axial length from the vaporizer tube and cu add
1.SO inches downstream of the dilution holes, see Figure 22S. It
was intended that the reduction in the vaporizer tube length would
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TABLE LxuI. FINAL DESIGN PRECHAMBER CO4BUSTORS
DESIGN SUMMARY

Initial Mod. Mod. Nod. Mod.
Design Parameter Design "A" "B" "C" "D"

Hole Sizes (inches)

Fuel Film Injector (16) .013 .013 .021* .021 .021

Reaction Zone (12) .360 .360 .297* Closed* Closed

Dilution Zone (6) 1.344 1.34 1.310* 1.310 1.310

Lengths (inches)

* Overall 12.670 12.670 12.670 12.670 12.670

Vaporizer Tube 4.445 2.945* 4.500* 4.500 4.500

Vaporizer Tube-
Reaction Holes 1.500 1.500 1. 400* 1.400 1.400

Reaction Holes-
Dilution Holes 3.730 3.730 3.730 3.730 3.730
Dilution Holes-
Liner End 2.100 3.600* 2.100" 2.100 2.100

Diameters (inches)

Swirler I.D. 1.670 1.670 2.110* 2.4110 2.410

Swirler O.D. 2.960 2.960 3.680* 3.680 3.680

Vaporizer Tube I.D. 3.080 3.080 3.600* 3.800 3.800

Reaction Zone O.D. 6.340 6.340 6.340 6.340 6.340

Dilution Holes I.D. 5.640 5.640 5.640 5.640 5.640

Exhaust O.D. 6.210 6.210 6.210 6.210 6.210

Fuel Injection Mode Tested

Pressure Atomizer Yes Yes Yes No No

Wall Fuel Film Yes Yes Yes Yes Yes

Vaporizer Tube Centerbody No No No No Yes*

*Indicates change from previous design.
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allow more combustion gases to be pumped up the swirl vortex and be
mixed with the swirler air. The increased vaporizer tube recircula-
tion would then raise the air/combustion-gas mixture temperature
and provide better fuel vaporization of the wall fuel film. The
added length downstream of the dilution zone was to allow additional
volume prior to the combustor exit for improvement of the exhaust
temperature profile.

Modification "B", as indicated in Table LXXIII, was a complete
redesign and refabrication of the swirler/wall fuel film injector/
vaporizer tub-le section as well as readjustment of the flow splits
among the swirler, reaction zone, and dilution zone. External and
internal photographs of Modification "B" are presented in Figures
226 and 227. Design changes from the initial design to this design
were intended to improve the vaporization and premixing of the fuel
and air prior to their expansion into the reaction zone. It was
apparent from the Modification "A" test results that the added liner
length downstream of the dilution holes did not result in an im-
proved exhaust temperature profile. Uniform combustion in the
primary zone generally resulted in a reasonable exhaust temperature
profile.

The specific design differences in Modification "B" were the
fol lowing:

1. The vaporizer tube swirler throughput airflow was increased
from 15% to 22.5% of the total flow to provide more swirl
air for fuel vaporization. This increase in swirler air
and adjustment in the reaction zone hole sizes also reduced
the reaction zone equivalence ratio back to unity at takeoff-
power combustor operating conditions.

2. The vaporizer tube cross-sectional area to swirler annular
area ratio was increased from 1.59 to 1.81 to provide more
area for the swirl vortex to bring hot reaction products
upstream to the fuel film for fuel vaporization. Both the
increased swirler airflow and the larger area ratio pro-
duced more fuel vaporization surface area per unit length
than was available in the initial "Prechamber Liner.

3. The vaporization tube length-to-diameter ratio was reset to
a value about midway between the initial design and Modifi-
cation "A". These changes collectively increased the
vaporizer tube surface area by 25%, thus providing more sur-
face area for fuel vaporization and mixing prior to entering
the reaction zone.

4. Air-flow through the reaction-zone holes was adjusted to 25%
of the swirler airflow. The dilution zone holes were trimmed
slightly to maintain the desired liner flow splits.
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Figure 227. Final Low-Emission Preohambe Combustor Liner,

Modification "B", Internal View.
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5. The wall fuel film injection hole sizes were increased from
sixteen 0.013-inch-diameter holes to sixteen 0.021-inch-diam-
eter holes, which reduced the injector pressure loss and re-
duced the turbulence of the fuel film at the injector orifices.

The "Final Prechamber Combustor" was operated on both wall fuel film
injection and on the centerpoint pressure atomizer during the testing
of the initial design and the first two modifications. The last two
combustor modifications were operated only on wall fuel film injec-
tion. All of the modifications to the "Final Prechamber Combustor"
liner were attempts to improve the performance of the wall fuel film
injection operating mode of the combustor. The pressure atomizer was
operated as a backup systen, and thus did not receive any specific
design attention.

The fourth version of the "Final Prechamber Combustor Liner", Modifi-
cation "C", was a simple rework of Modification "B", viz., that of
closing all twelve of the reaction zone holes. It was intended that,
by eliminating the penetrating air jets into the reaction zone, the
swirl in that region would not be dissipdted. The reaction-zone
swirl would increase the mass transfer of reaction products through
the swir1 vortex into the vaporization tube. An external photograph
of Modification "C" can be seen in Figure 228. This version was
tested only with the wall fuel film injection system.

The last modification to the "Final Prechamber Combustor Liner",
Modification "C" was the installation of a centerbody at the swirler
end of the vaporizer tub. This was a change to more closely repeat

* the design of the preliminary prechamber combustor liner. Ar internal
photograph of this version showing the centerbody is given in Figure 229.

TEST RESULTS

The testing procedure followed for the final ccmbustor configurations
is shown in the shematic in Figure 230. The two final configurations,
"Modified Conventional" and "Prechamber", were fabricated and Instru-
mented with skin thermocouples. Each was tested at T63 nonregenerative
conditions and lean blowout was determined. After the data were ana-
lyzed and the duty-cycle emission index values were computed, the
liners were either modified and the nonregenerative tests rerun or the
final modifications were tested at T63 regenerative cinditions,
ambient startup conditions, and a set of parametric conditions. The
final set of tests was performed on Modification "B" of both final
design configurations.

Emission and combustor performance data were recorded at each of
the six T63 nonregenerative operating conditions for all three
modifications of the "Final Prechamber Combustor Liner" that were
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* FABRICATE TWO LINERS

MODIFIED CONVENTIONAL

PRECHAMBER

INSTALL 3 SKIN THERMOCOUPLES
ON EACH LINER

NONREGENERATIVE TESTS

TWO LINERS

6 CYCLE POINTS
LEAN BLOWOUT FROM IDLE

t MODIFICATIONS (AS
MANY AS NFCkSSARY)

BOTH LINERS

RC.GLNERATIVE TESTS OF
FINAL MOD IFICATIONS

BOTH LIN;;RS

I " AMBI ICNT TEMPERATURE AND
PRESSURE TST

, BOTH LINERS

,l PARAMETRIC TESTS

BOTH LINERS

Figure 230. Program Plan for Testing Final Combustors.
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operated with the conventional T63 centerpoint pressure atoiilizer
fuel nozzle and for all five versions that were operated on wdll
fuel film injection. The last two combustor versions were wall fuel
film injection tests conducted only at nonregenerative conditions.
These tests were final attempts to improve the wall film vaporiza-
tion system.

The additional instrumentation for the final combustor tests was the
set of skin thermocouples located as shown in Figure 231. Data
from these thermocouples were recorded for the Initial Design and
for Modifications "A" and "B" only.

The following sections present the data acquisition system
printouts, emission data (CxHy, CO, NOx, and smoke number), exhaust
temperature profile (Tmax/Tavg, and 3kin thermocouple temperatures
for the "Final Prechamber Comb ustor Liners".

The test data results for the "Final Prechamber Initial Design", are
given in Figures 232 through 238 for wall fuel film operation and
Figures 239 through 24S for pressure atomizer operation. The
chemiluminescent nitrogen oxide measuring instrument was not used
during these tests. The emission pressure-loss, and temperature-
profile results are sumiarized in Table LXXIV. As can be seen from
these tabulations, the "Prechamber" pressure losses were 1% - 2%
higher than those of the "Conventional Liner".

The emission data from Table LXXIV are plotted in Figures 246
through 250. As can be seen In Figure 246, hydrocarbon emissions
were nearly eliminated in both fuel system modes of the "Prechamber
Liner". Shown in each emissions concentration plot are data from the
Conventional Tb3-A-SA combustor, the "Extended Length, Preliminary
Combustor"(which was a conventional conbustor with a 6-inch cylindrical
extension between the primary and dilution holes), and the "Prechamber
Liners"operating under each fuel mode. Carbon monoxide emissions
are given in Figure 247 and show the effect of the rich reaction
zone operation. The pressure atomizing fuel mode in the "Prechamber
Liner"has a definitely increasing CO trend with the increasing over-
all fuel-air ratios. Nitrogen oxide concentrations were generally
lower than for the Conventional Liner, see Figure 248. The pres-
sure atomizer mode of the "Prechamber produced a significant increase
in NOx at maximum power. The wall fuel film "Prechamber" exhibited a
smaller NOx increase at higher power levels than did the Conventional
liner. Figure 249 is a plot of CO concentrations vs NOx concentra-
tions and amplifies how differently the pressure atomizing "Prechamber
Liner"produces these emissions than the Conventional, lean-designed
liners. Smoke number values are plotted in Figure 2S0. Even
though the "Prechamber Liner" produced very little smoke at the low
power points, it was much more sensitive thn the Conventional type
liners at the higher operating conditions.
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Figure 232. Final Prechamber Liner Initial Design on Wall Fuel
Injection at ~Noregpnerative 10% Power.
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T63 COMBUSTOtR ElPtAI94ENTS -RIG MI 43v TEST SERIES 51p READING 64SO
T 63 FINAL DESIGN w PRtCWAHBER LINER RUjNNIN6 ON WALL FILM VAPORIZER
TEST DA~tI 6-1d.72 READING OAS TAKEN A? 1051115 HOURS

CYCLE POINT 6 25 1 POWER SITTING

R,,EXPERINEKTAL CONDITIONS
bUR'tR AIR FLOW 2,204 LB/SEC AVG BURNER INLET TEMP 354. DEE F
AVG dUkNEN INLET PkkS 54,4 PSIA AVG 9URNER OOJTLET TEMP 1166. 016 F
AV6 BURNER DELTA P 6,45 0!G PULSSUPE LOSS 5.63 1
OVERALL FiA RIATIO .01219 (F/IP) FUEL FLOW RATE 05,9 01"AW
AIR LOAD FACTOR 11M10 PATTERk FACTOR .3652
bOT "OT SPOT$ a 34 4 1485. uiC. W PAX DaT /,Avg SOT 1.25se
FIJEL INLET TEMPtWATUjRL 121. DEG P FUIL INf.T PRESSURE 73s2 PSIA
PEAT LOADING PASAWEER *34218EWe 9TUROUR AhlftCU6IC FOOT

C.. URNER OUTLET TIPPERATtUSE SURVEY **
10 YEPP 10 TEMP 30 TEMP 10 TEPIP ID TIPP to lEMP ID TIPP

ANNULUS 1 2 1167, 6 1314, 15 1330. 19 1114, 24 Sit. 17 1I7, 36 1394.
&NkJLAJ 2 A ii... 7 1232. 10 1294, It V06. 25 073. 34 1465, !; 111
ANNULUS 3 5 121., 14 1152, 17 1165. 22 469, 25 023. 33 146io 39 1335,

LEI~T S1~t ... IR INLET TUbE CONDCITIONS.. INTSD

lOYAL 4yiILSSLE 54,35 PSIA TOTAL PRESURE 34,41 PS14
STAT - puNESOE 04.56 PSIA STATIC P4118601 549 PI&A
VELOCITY 0tLTA P SP apt, VELOCITy oELTA P 167 OWS
AIR TtPktRATUAL 354, DEG F AI* ?.PtRATUal 354 010 F
63M VELOCITY .123.39 PT/SiC At& VEOCT 119.83 T/SECC
DILMIENIIAL PREISURE1 (CLEFT P*1OAL)-tftIWN P-TOTAL) -. 11 '46

AI4 fLOO 0AIAS PO41s 10406 PSIA DtLTA Pe 1,11 Out TwR(Fe YA. 016 F

FgfL SISTER DATAI
FUtL Fill FRfQUtkC1 3F3 lot VOLUPETRIC PLO% RATE IS..) 6*1/ms
FUEL vkf(ssuot At f/P 16%,if PSIA fUtL TIMP At tooR Us. F1

so OISCILL441OUS tUlASSOUCIRA 16014..
0ASIFOLO AVtQAGt VU*NCiN OUTLET TC1AL P4551, $tes 51. 1 SA
CEP'~gSTOO 01,1TEl istA STAVIC PRtSSUXE 53,34 PSIA (#Duct* a 11)
*1,Wt*E OIFFFOINTIAL TOTAL POESSUjRE 4. Out 'Ma utijC a 1)

*CMI'LAICA. ANALYSIS OtSULTS.
GAS SAMOME TAREk IN PLANE at

E0i 11491 1 02 1600 I cc #at's Pp toll 's PP
NO 15.5 OPP 402 0,7 POP hex 25.2 Opp (Not"OIR) * MOI(NOYM)

NCr a6 -00 Oct PPO %tv 69 rpm ( t1NIhUIAr1fCENCt I
taUISIONS INDEX, LbS/10640 FUEL$ COo 10.01 call. to

CMIMILUmIIESCfftCf how* .01 140I * NoUv 401s 3,35

CALCULATED FULL/AIR RATIO FROM CPEPICAL A*AhYSI, 19113904
CALCUtATtO COM1UbTIOk iFfICIENCY FOCO CoIRICAL AIIALTSISS 00.01?. it

CMECR 0% P/6 RATIO* f1A & .011599 W/0 Oss CALCULATED 01 * 17.061 1

Sput Xbeoiu, 1.78 t 34
SNT44%ho :4~ PostU

Figure 233. Final Prechasber Liner lrtit~a1 Design on -Well Fueli
Inection at Nnnre,enerative 2S% Power.



T63 COWSUSIOR EXPERiPENTS . RIG B/U 43, TEST SERIES 51, READING 0 6&6
T 63 FINAL DESILN - PRECHAMbFR LINER * RUNNING ON WALL FILM VAPORIZER
TEST OATES 6-14-72 READING OAS TAKEN AT 1738116 HOURS

CYCLE POINT 5 4B 1 POWER SETTING

*0*O* EXPERIMENTAL CONDITIONS o*a..
dUkNER AIR FLOw 2.546 LB/SEC AVG OURNER INLET TEMP 396, DEG F
AV4 duuNtR INLET PRES 63,h PSIA AVG BURNER OUTLET TEMP 1293, DEG F
AVG BURNER DELTA P 7.58 " G PRESSURE LOSS 5.68 %
4UVLRALL F/A RATIO 013@0 (F/P) FUEL FLOW RATE 119,23 LB/MR
AIR LOAD FACTUR 1.1731 PATTERN FACTOR ,28937
MOT HOT SPOTS & 37 a 1552. DEG F MAX BOT / cIG SOT 1,2004
FUEL INLET TEMPEkA1URE 130, DEG F FUEL INLET PRESSURE 93,0 PSIA
NEAT LOACING PAkAWETER .36342E*87 BTL/HOUR/ATM/CUBIC FOOT

t*** BURNER OUTLET TEMPERATURE SURVEY .oo.
ID TEP ID TEMP ID TEMP TD TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 131f, 6 1451, 15 1491. 19 1267, 24 953. 27 1262. 38 1542,
ANNULUS 2 A 1290, 7 1391. 16 1461, 21 964, 25 959, 34 1537, 37 1552,
ANNULUS 3 5 1327. 14 1289. 17 174. 22 921, 26 1609. 35 1484, 39 1459,

LEFT SIDE *** AIR INLET TUBE CONDITIONS a.' RIGHT 31DE
TOTAL PRESSURE 63.56 PSIA gOTAL PRESSURE 63,64 PSIASTATIC PRESSURE 63.17 PSIA STATIC PRESSURE 43,34 PSA
VELOCITY DELTA P .81 "G VELOCITY DELTA P .61 "HG
AIR TEMPERATURE 398, DEG F AIR TEMPERATURE 3;8. DEG F
AIR VELOCITY 135.77 FT/SEC AIR VELOCITY 117.99 FT/SEC
DIFFERENTIAL PRESSURES C(LEFT P-TOTAL)-(RIGHT PwTOTAL)) 0,161 nHG

AIR FLOW DATAI P-REFv 104,4 PSA DELTA Pa 2,92 ONG T-REFa 73, DEG F

FUEL SvSTEM DATA:
FUEL F/H FREQUENCY 438t OZ VOLUMETRIC FLOW RATE 19,17 GAL/MR
FUEL PRESSURE AT F/M 157,9 PSIA FUEL TEMP AT F/H $S, OE F

Mo MISCELLANEOUS TRANSDUCER READINGS .
MANIFOLD AVERAGE BlURNER OUTLET TCTAL PRES3URE 59068 PIA
C HUSTOR OUTER CASE STATIC PRESSURE 62,38 PSA CXOUCER N 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 756 ONG CXOUCER 0 13)

* CHEMICAL ANALYSIS RESULTS
GAS SAMPLES TAKEN IN PLANE 01

C02 2,600 02 17,500 X CO 194.1 PPM CHX ,1 PPM
NO 18.3 PPM N02 13,3 PPM NOX 31e6 PPM INO(NOIR) 0 NOR(NOUV)|
NO 03 PPM N02 .6 PPM NOE @ PPM t CHEM LUMINE8CENCE I
EMISSIONS INDEX, LB/1000 LB FUELI COs 14,63 CNxR *Da

CEMILUMINESCENCE NOXI see N.IR NDUV NOX, 3.91

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS: .813423
CALCULATED COMBUSTION EFFICIENCY FROP CHEMICAL ANALYSIS: 99,6437 X

CHECK ON F/A RATIO. F/A .012504 W1/0 02o CALCULATED 02 v 17363 1

SMOKE INDEX, 2.8eSALTZMAN , .OX O

Figure 234. Final Prechamber Liner Initial Design on Wall Fuel
Injection at Nonregenerative 40% Power.

423



T83 COMBUSTOR EXPERIMENTS =RIG V/U 43, TEST SERIES 51, READING U Sol
T 63 FINAL DESIGN - PRECHAMBER LINER - RUNNINS ON WALL FILM VAPORIZER
TEST DArEI 6-14-72 READING WAS TAKEN AT 1804037 HOURS

CYCLE POINT 4 55 2 POWER SETTING

EXPERIMENTAL CONDITIONS
dUkNER AIR FLU 2.778 LB/SkC AVG BURNER INLET TEMP 431, DIG F
AVG BURNER INLET PRES 71,2 PSIA AVG BURNER OUTLET TEMP 1385, DEG F
AVG dURNER DELTA P 8,42 "HG PRE8SURE LOSS 581 %
OVERALL F/A RATIn .01441 (F/M) FUEL FLOW RATE 144,17 LB/HR
AIR LOAD FACTOR 1.1648 PATTERN FACTOR ,37153
80T HOT SPOTI 4 37 0 1739, DEG F MAX 801 / AVG DOT 1,2359
FUEL INLET TEMPERATURE 133, DEG F FUEL INLET PRESSURE 114,3 P8IA
MEAT LOADING PARAMETER .39265E+07 BTU/NOUR/ATM/CU8IC FOOT V

BURNER OUTLET TEMPERATURE SURVEY ***
ID TEPP 10 TEMP ID TEMP ID TEMP ID TEMP ID TEMP I TEMP

ANNULUS 1 2 1397, 6 1505, 15 1462, 19 1322, 24 1035, 27 0 3 6s 36 1692,

ANNULUS 2 4 1324. 7 1638, 16 1475o 21 1067. 25 1022, 34 1658, 37 1739.
ANNI)LUS 3 5 1288a 14 1307, 17 1434, 22 990, 26 1078, 35 1591, 39 1638,

LEFT SIDE , AIR INLET TUBE CONDITIONS ** RIGHT SIDE
TOTAL PRESSURE 71,13 PSIA TOTAL PRESSURE 71,23 PSIA
STATIC PRESSURE 70,72 PSIA STATIC PRESSURE 70,1 PSIA
VELOCITY DELTA P .83 "WG VELOCITY DELTA P 85 "G
AIR TEMPERATURE 431, DEG F AIR TEMPERATURE 431, DEG F
AIR VELOCITY 133,05 FT/SEC AIR VELOCITY 134.56 FT/SEC
DIFFERENTIAL PRESSUREI (LEFT PPTOTAL)w(RIGHT PvTOTAL)) ',193 "MO

AIR FLOW OATA: P-REFm 104,1 PSIA DELTA P6 3,51 "HG ToREFS 7?I DIG F

FUEL SYSTEM DATAI
FUEL F/M FREQUENCY 530, Z VOLUMETRIC FLOW RAT! 23.20 GA6/MR
FUEL PRE5SURE AT F/M 148,7 PSIA FUEL TEMP AT F/M 89, DEG F

** MISCELLANEOUS TRANSDUCER READINGS **

MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 67,05 P IA
COMBUSTOR OUTER CASE STATIC PRESSURE 70,03 PSIA CXDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRES.L1RF 6,32 MHG (XDUCER 4 13)

CHEMICAL ANALYSIS RESULTS *

GAS SAMPLES TAKEN IN PLANE 41
CO2 2.725 X 02 17,400 1 CO 1702 PPM CHX a5 PPM
NO 28.1 PPM N02 14.7 PPM NOX 42,6 PPM [NOtNDZR) + NO2(NOUV)1
NO @8 PPM NO2 a@ PPM NOX s0 PPM ( CHEMILUMINEICENCE 3
EMISSIONS INDEX# LB/lOSS LB FUELI CC* 12.19 CMXm .05

CHEMILUMINESCENCE NPIX feet NDIR * NDUV NOXO 4,76

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS? .012959
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSI 990740 X

CHECK ON FIA RATIOm F/A a 0,13167 W/O 02, CALCULATED 02 a 17,t09 X

SMOKE INDEXI /047
PALTZMAN , 7M E .r. P4P.

Figure 235. Final Prechamber Liner Initial Design on Wall Fuel

Injection at Nonregenerative 55% Power.
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T63 C0M8USTnR EXPERIMENTS - RIG 8/U 43, TEST SERIES 51p READING 0 88
T 63 FINAL DESIGN - PRECHAMBER LINER - RUNNIN4 ON WALL FILM VAPORIZER
TEST OATES 6-14-72 READING WAS TAKEN AT 1842328 HOURS

CYCLE POINT 3 75 z POWER SETTING

,*.** EXPERIMENTAL CONDITIONS e***

,URN R AIR FLOW 2.940 LB/SEC AVG BURNER INLET TEMP 473. DEC F
AVG UUHNER INLET PRES 80,2 PSIA AVG BURNER OUTLET TEMP 156a, D9G F
AV6 BURNER DELTA P 8.6e qmG PRESSURE LOSS 8.27 .
OVERALL F/A RATIO .01675 (F/P) FUEL FLOW RATE 177s26 LB/HR
AIR LOAD FACTOR 1,1193 PATTERN PACTOR .39308
BOT HOT SPOTS k 34 x 1916. DEG F MAX DOT / AVG DOT 1.2250
FUEL INLET TEMPERATURE 1db. OEG F FUEL INLET PRESSURE 145.7 PSIA
OEAT LOADING PAkAMETER .42850E+07 BTU/HOUR/ATM/CUBIC FOOT

,*.a BURNER OUTLET TEMPERATURE SURVEY *...
ID TEPP In TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 163G, 6 1775. 15 1720. 19 1d46, 24 1116. 27 145. 36 1075.
ANNULUS 2 4 1481. 1 1825, 16 1738, 21 1176. 25 1895, 34 1916, 37 1913.
ANNULUS 3 5 1499, 14 1528. 17 1665, 22 1365, 26 1159, 35 18&3, 3C 138,

LEFT SIDE *** AIR INLET TUBE CONDITIONS *.a RIGHT SIDE
TOTAL PRESSURE 80,18 PSIA TOTAL PRESSURE 65,24 PSIA
STATIC PRESSURE 79.71 PSIA STATIC PRESSURE 79,7 PSIA
VELOCITY DELTA P .92 "MG VELOCITY DELTA P ,93 PHG
AIk TEMPERATURE 473, DEG F AIR TEMPERATURE 473, DEG F
AIR VELOCITY 134.41 FT/SEC AIR VELOCITY 135,47 FT/SEC
DIFFERENTIAL PRESSUREI [CLEFT P-TOTAL)-(RIGMT P-TOTAL)) Dole@ "No

AIR FLOW DATA$ PvREFU 103,5 P31A DELTA Pe 3,99 OHS T-ReFe so. oEC F

FUEL SYSTEM DATA$
FUEL F/N FREQUENCY 654, NZ VOLUMETRIC FLOW RATE 98655 GABLMR
FUEL PRESSURE AT F/m 172,4 PSIA FUEL TEMP AT F/N 91. DIG F

• MISCELLNEOU$ TRANSDUCER READ oGS **
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 15,97 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE ?.7$ PIZA (XOUCIR 4 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 652 PH$ (KOUCER 0 13)

, CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

COP 2.81 % 02 17,21 0 CO t66.O PPM CMX 1o PPM
NO 32.3 PPM N02 18.7 PPM NOX 51,1 PPM ?NO(NDIR) * NO2(NDUV)3
NO .0 PPM N02 .J PPM NOX .0 PPM I CMEMILUMINISCENCE I
EMISSIONS INDEX, LB/ISIS LD FUELI COP 9,79 CHXF @at

CHEMILUMINESCENCE NOXa cas, NOIR * NDUV NOXE 4,31

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS$ *913365
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 090094 1

CHECK ON F/A RATIO- F/A # ,01343S W1O O2 CALCULATED 01 6 17414

SMOKE INDEX: I o
SALTZMAN NOX , 52 PPM E.. .,

Figure 236. Final Prechamber Liner Initial Design on Wall Fuel

Injection at Nonregenerative 75% Power.
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T63 CUMBUSTOR EXPERIMENTS - RIS b/U 43, TEST SERIES 51, READING 6 dow

T t3 FINAL DESIGN - PRECHAMBER LINER - RUNNING ON WALL FILM VAPORIZER
TEST DATE: 6-11-72 READING WAS TAKEN AT 1938139 HOURS
CYCLE POINT 2 196 X POWER SETTING

,**** EXPERIMENTAL CONDITIONS ***
bURNtR AIR FLOW 3.154 LB/SEC AVG BURNER INLET TEMP 525 DEG F
AVG BURNER INLET PRFS 92,7 PSIA AVG BURNER OUTLET TEMP 1799, 096 F
AVE biJkNLk DELTA P 8.96 1'1G PRESSURE LOSS 4.75 x
OVERALL F/A RATIO 0P1972 (F/M) FUEL FLOW RATE 223,98 LS/MR
AIR LOAD FACTOR 1,0675 PATTERN FACTOR ,31513
bOT HOT SPOTI 3 34 a 2189. DEG F MAX BOT /.AVG 801 1,2228
FUEL INLET TEMPRLkATURE 159. DEG F FUEL INLET PRESSURE 197.9 PSIA
HEAT LOADING PARAMETER .46821E#07 BTU/MOUR/ATM/CUBIC FOOT

.*.* BURNER OUTLET TEMPERATURE SURVEY a**
IA TEPP ID TEMP ID TEMP I TEMP ID TEMP ID TEMP 10 TEMP

ANNULUS 1 2 1499. 6 1936. 15 1928. 19 1745. 24 1296. 27 1836. 36 2173,
ANNULUS 2 4 1692. 7 2978. 16 2e37. 21 1369, 25 1252. 34 2109, 37 2164.
ANNULUS 3 5 1702. 14 1813. 17 1685. 22 1266. 26 1302, 35 2156, 39 2620.

LEFT SIDE a.. AIR INLET TUBE CONDITIONS a.. RIGHT SIDE
TOTAL PRESSURE 92,69 PSIA TOTAL PRESSURE 92,79 PSIA
STATIC PRESSURE 92.22 PSIA STATIC PRESSURE 92.25 PSIA
VELOCITY DELTA P ,97 "RG VELOCITY DELTA P 1.09 "MG
AIR TEMPERATURE 526, DEG F AIP TEMPERATURE 525, DEG F
AIR VELOCITY 132,11 FT/SEC AIR VELOCITY 140,31 FT/SEC
DIFFERLNYIAL PRESSUREI (CLEFT P-TOTAL)-(RIGHT P-TOTAL)3 -,1IS "MG

AIR FLOW DATA: FoREFe 103,0 PSIA DELTA Pe 4,63 "HG TeREFm 61, DEG F

F EL SYSTEM DATAI
FUL F/M FREQUENCY 831. HZ VOLUMETRIC FLOW RATE 36,11 GAL/MR
FU.L PRESSURE AT F/M 260,5 PSIA FUEL TEMP AT F/M 99, DEE F

MISCELLANEOUS TRANSDUCER READING$ a.
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 8634 PSIA
COMBUSTOR OUTER CAbE STATIC PRESSURE 91,31 PSIA MEDUCER 6 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 5,67 "MG CXOUCER 0 13)

a CHEMICAL ANALYSIS RESULTS a

GAS SAMPLES TAKEN IN PLANE 01
C02 3o313 % 02 18,500 X CO 116,2 PPM CMWX 1. PPM
NO 896 PPM NU2 25.3 PPM NOX 94g PPM INOCNDIR) 4 NO.BNOUV))
NO WB PPM N02 a@ PPM NOX .8 PPM I CHEMILUMINESCENCE I
EMISSIONS INDEX, LO/1000 Lb FUELI COS 5,61 CMXe .16

CHEMILUMINESCENCE NOW. al@ NOIR * 4DUV NOXe 7,7

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI o815 23
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALY1I; 990931 X

CHECK ON F/A RATIO- F/A a .015815 W/O 02, CALCULATED 02 * 16.374 1

SMOKE INDEX, bosZ9
SALTZAN NOX v :s/ PPM E . 4(

Figure 237. Final Prechamber Liner Initial Design on Wall Fuel
Injection at Nonregenerative 100% Power.
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T63 CO,13USTOk t. PFIMELNTS - RIG B/U 43, TEST SRIES 51v READING N 691

T 63 FPAL DESIGN . PRECHAMBER LINER - RUNNING ON WALL FILM VAPORIZER

TEST DATE: 6 .-- 72 READING WAS TAKEN AT 1953112 HOURS

CYCLE P'UINT 1 10 1 POWER SETTING

*** EXPERIMENTAL CMNDITIONS ae.**
bUhNLR AIR FLU* 1.861 LB/SfC AVG BURNER INLET TEMP 299, DEG F

AVG btikNtR INLET PfiES 45.0 PSIA AVG BURNER OUTLET TEMP 720. DEG F

AVG 1iUkNR UELTA P 4.81 "MG PRESSURE LOSS 5.26

OVERALL F/A RATIO .00855 (F/P) FUtL FLOW RATE 43,86 LB/R

AIR LOAD FArTGN 1,1400 PATTERN FACTOR ,42399
baT MC SFuil 36 x 909. I)EG F MAX BO' / AVG SOT 1,2495

F INLET TEMPEkATURE 117. DEG F FUEL INLET PRESSURE 47,8 PSIA

MEAT LUAUING PARAMETER *18908E+07 BTU/MDUR/ATM/CUBIC FOOT

***i BURNER OUTLET TEMPERATURE SURVEY f***
ID TEC'P ID TEMP ID TEMP I TEMP I TEMP ID TEIMP I TEMP

ApNIJLUS 1 2 792, 0 785. 15 758. 19 620. 24 624. 27 775. 36 909.
ANNULUS 2 4 J34. 7 767. 16 723. C' 607, 25 625, 34 816 37 669,

ANNULU$ 3 5' 67b, 14 703, 17 65?, 22 589, 26 641, 35 621, 39 802.

LEFT SIDE **a AIR INLE1 TUbE CONDITIONS *,. RIGHT SIDE
TOTAL PRESSURE 44.97 PSIA TOTAL PRESSURE 44,97 PSIA

STATIC PRESSURE 44,70 PSIA STATIC PRESSURE 44.73 PSIA

VfLOCITY DELTA P ,55 "ING VELOCITY DELTA P .50 "HG

AIR TEMPERATURE 299, DEG F AIR IEMPERATURE 306. DEG F

AIR VELOCITY 125,62 FT/SEC AIR VELOCITY 119,6 FT/SEC

UIFFERENTIAL PRESSURE: C(LEFT PmTOTAL)-CRIGHT P-TOTAL)) ".ea "HG

AIK FLOW OATA: P-REFm 105,8 PSIA DELTA P8 1,55 "MG T"REF 61, EG F

FUEL SYSTEM DATA:
FUEL F/M FRFQUENCY 182, HZ VOLUMETRIC FLOW RATE 7,07 GAL/MR
FUEL PRESSURE AT F&M 150,3 PSIA FUEL TEMP AT F/M 91, DEG F

*M MISCELLANEOUS TRANSDUCER READINGS .

MANIFOLD AVFRAGE BURNER OUTLET TCTAL PRESSURE 42,61 PSIA

COMOUSTOR OUTER CASE STATIC PRESSURE 44,32 P&IA CXDUCER 0 11)

BURNER OIFFERENTIAL TOTAL PRESSURE 4,61 "HG CXOUCER 0 13)

SMOKE INDEXI I
SALTZMAN NOX 8; PPM
... ; ; - * ................ ..... . . .. ........ .......................

REMARKS$

~j~o~AP* ~A~ 006z.

Figure 238. Final Prechamber Liner Initial Design on Wall Fuel

Injection at Nonregenerative Lean Blow Out.
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T63 COMhUSTOR EXPERIMENTS - RIG 9/U 43, TEST SERItS 52, RE^DING 0 766
T 63 FINAL DESIGN - PRECHAMBER LINER P RUNNING ON PRESSURE ATOMIZER
TEST DATLI 6-1572 READING NAS TAKEN AT 1613140 HOURS

CYCLE POINT 1 10 X POWER SETTING

***** EXPERIMENTAL CONDITIONS *****
BURNER AIR FLUW 1.859 LB/SEC AVG BURNER INLET TEMP 296. DEG F
AVG 8UHNER INLET PRES 45.2 PSIA AVG BURNER OUTLET TEP 1059, DEG F
AVG BUMNER DELTA P 5,63 "HG PRESSURE LOSS 6.11 K
OVERALL F/A RATIO ,01678 CF/I) FUEL FLOW RATE 72.14 LB/MR
AIR LOAD FACTOR 161317 PATTERN FACTOR .21510
6OT HOT SPOTI 0 36 n 1223. DEG F MAX DOT / AVG SOT 1.1546
FUEL INLET TEMPERATURE 133. DEG F FUEL :NLET PRLSSURE 188,1 PSIA
MEAT LOADING PARAMETER .30941E#07 8TU/MOUR/ATM/CUeIC FOOT

BURNER OUTLET TEMPERATURE SURVEY et*,
ID TEMP ID TEMP ID TEMP 1D TEMP ID TEMP I TEMP ID TEMP

ANNULUS 1 2 1078. 6 1109, 15 1111, 19 989. 24 966, 27 1183. 36 1223.
ANNULUS 2 4 987. 7 1089. I6 1124, 21 993. 25 947. 34 115, 37 1216.
ANNULUS 3 5 959, 14 997. 17 1P32, 22 895, 28 972, 35 1091, 39 1217,

LEFT 3IO **. AIR INLET TUBE CONDITIONS a.. RIGHT SIDE
TOTAL PRESSURE 45,16 PSIA TOTAL PRESSURE 45,22 PSIA
STATIC PRESSURE 44,91 PSIA STATIC PRESSURE 45,63 PSIA
VELOCITY DELTA P '55 "HG VELOCITY DELTA P .38 "He

AIR TEMPERATURE 298, DEG F AIR TEMPERATURE ag, 0EB F
AIR VELOCITY 125,31 FT/SEC AIR VELOCITY 164.39 FT/SEC
DIFFERENTIAL PRES3UREO ((LEFT PoTOTAL)-(RIGMT P*TOTAL;) -,a66 "Me4

AIR FLOW DATAI F*REF* 105.2 PSIA DELTA Pf lo5 "HG T*REPF 96, DEG F

FUEL SYSTEM DATA$
'UEL F/M FREQUENCY 266, HZ VOLUMETRIC FLOW RATE 11066 GAL/MR
FUEL PRESSURE AT F/N 269, PSIA FUEL TEMP AT FIN 9OS CEG F

*. MISCELLANEOUS TRANSDUCER READINGS .
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 42,44 P$IA
CONUSTOR OUTER CASE STATIC PRESSURE 44.9 PIIA CXDUCIR 4 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 5.59 "H COUCER 6 13)

a CHEMICAL ANALYSIS RESULTS
GAS SAMPLES TAKEN IN PLANE I1

C02 1,961 X 02 Iola6 x Co 74'6 PPM CMX .4 PPM
NO 9,0 PPM N02 4.6 PPM NOX 14.7 FPM NOCNOIR) # NOA(NOUV))
NO .J PPM N02 .J PPM NOX .J PF 9 CHENLUMNEUCENCI I
EMISSIONS INOEX, L8II8 LS FUELI COs 6.70 CMX. $15

CMEMILUMINESCENCE NOX9 see# NOIR 0 NDUV NOXe fe16

CALCULATED FUEL/AIR RATIO PROM CHEMICAL ANALY8ISS 4199811
CALCULATED COMPU$TION EFFICIENCY FROM CHEMICAL ANALYI1Il 06ll64 I

CHECK ON F/A RATIO- F/A 6 0369421 W10 Oe CALCULATED 02 a 16,83 1

SMOKE INDEXI
IALTZMAN NOX a K P"

Figure 239. Final Prechamber Liner Initial Design on Pressure

Atomizer Injection at Nonregeneratlve 10% Power.
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T63 COMBLISTOR FXPEkIHENTS RIG 8/U 43, TEST SERIES 52, REAOING 0 695
T 63 FINAL rESIGN - PRtCHAMBER LINER - RUNNING ON PRESSURE ATOMIZER
TEST DATEI 5-15-72 READING WAS TAKEN AT 1516137 HOURS

CYCLE POINT 6 25 2 POWER SETTING

EXPERIMENTAL CONDITIONS 000**

9URNEk AIR FLOW 2,266 Lb/SEC AVG BURNER INLET TEMP 353, DEG F
AVG BUUNER INLET PkhS 54.2 PSIA AVG bURNER OUTLET TEMP 1193, DEG F
AVG OURNEk DELTA P 7.16 11G PRESSURE LOSS 0,49 2
OVERALL '/A RATIO 0 1210 (F/P) FUEL FLOW RATE 98,06 LS/HR
AIR LOAD FACTOR 1,1929 PATTERN FACTOR .18264
0T HOT SPOT$ A 36 a 1346. DEG F MAX OT / AVG SOT 1.1285
FUEL INLET TEMPERATURE 116. DEG F FULL INLET PRESSURE 234,7 PSIA
OEAT LUADING PAhAMETER ,35317EWg7 BTU/HOUR/ATM/CUPIC FOOT

*0** dURNtR OUTLET TERPERATURt SUNVEY .. m

I0 TEPP I0 TEMP ID TEMP ID TEMP ID TEMP ID TEMP 10 TEMP
ANNULUS 1 2 1191. 6 1305, 15 1240. 19 1171. 24 1072, 27 1343, 36 1346.
ANNULUS 2 4 1133, 7 1277, 16 1257. 21 1016, 25 1S67, 34 1278. 37 1335,
ANNULUS 3 5 103. 14 1126, 17 1198, 22 996. 28 1091, 35 1267, 39 1333,

LEFT SlOE *.* AIR INLET TUSE CONDITIONS *a. RIGHT SIDE
TOTAL PRESSURE 54,13 PSIA TOTAL PRESURE 54,1 PSIA
STATIC PRESSURE 53,59 PSIA STATIC PRESSURE 530 PSIA
VELOCITY DELTA l 1.t "NG VELOCITY DELTA P '70 "HG
AIR TELPERATUW[ 353, DEG F AIR TEPPERAT1IRE 354, DEG F
AIR vELOCITY 167,71 FTI3/C AIR VELOCITY 142,17 FTISEC
DIFFERENTIAL PkESbUEI t(LEFT P-T-..AL)-(R9G04T P-TOTAL)) sale7 PMG

AIR FLOW DATAt P-REFa 104,8 PSIA DELTA Pe 283 NHG T-REFe 94. DE F

FUEL SYSTEM DATAI
FUEL F/M FREQUENCY 363, 10Z VOLUMETRIC FLOW RATE 15,17 GALIHR
FUEL PRESSURE AT F/P 271,5 P3IA FUEL TEMP AT F0H 67, DES F

Mh MISCELLANEOUS TRANSOUCER READING$ **
MANIFOLO AVERAGE BURNER OUTLET TOTAL PRESSURE 63,64 P$IA
COMSUSOR OUTER CASE STATIC PRESSURE 53,14 P5I (MOUCER 0 11)
dURNER DIFFEAENTIAL TOTAL PRESSURE 7.11 'NN (NOUCER 0 13)

SCHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

C02 2.l 1 02 17.703 S CO 123,7 PPM COX '3 PPM
NO 19, PPM N02 7.6 PPM NOW 26.7 PPM [NO(NOIR) 0 NOI(NOUM)3
NO FP PPM N02 '6 PPM NON *6 PPM I CHEMILUMINEICENCE 3
EM3$SONS INDEX. LB/1006 LB FUEL4 COD 1ll1 CHII .63

CHtMILUMINESCENCE NOXe 06t NOIR * NOUV NONE 3 54

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI 1611378
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISl 09,7424 t

CHECK ON F/A RATIO- ?/A 1 .611363 W/O 0. CALCULATED 01 0 11.691 1

SNKE INDEXt 0.00 4
SALTZMAN NOX • PPM £4.

Figure 240. Final Prechamber Liner Initial Design on Pressure

Atomizer Injection at Nonregenerative 25% Power.
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T6, COmbUS1UR FXPfeIMtNTS - RIG 8/U 43, TEST SERIES 52o READ!NG o 696
T 63 FINAL DEbIGN - PNEC?4AMBER LINER - RUNNING ON PRESSURE ATOMIZER
TLST OATES 6-15-72 READING OAS TAKEN AT 1556111 HOURS

CYCLE POINT 5 45 X POWER SETTING

***** EXPERIMENTAL CONDITIONS *****
PURNL AIR FLUOv 2,516 LP/SEC AVG BURNER INLET TEMP 395. DIG F
AVG MtiRNER INLET POLS 63.2 PIIA AVG BURNER OUTLET TEMP 1298o DEG F
Avi, HURNE DELTA P 8.04 "0G PRESSURE LOSS 6,25 %
OvERA4L. /A RATIU .01311 (F/1) FUEL FLOW RATE 118,75 LI/HR
AIR LOAD FACT04 1.1652 PATTERN FACYOR .18308
P0T MO SPOTS #i 3b s 1463, DEG F PAX bOT / AVG SOT 1,1273
FJEL INLET TEmPf.wATURE 122, DEG F FUEL INLET PRESSURE 272,1 PSIA
?'E&T LOADING PAkAPETER ,36455E#P7 BTU/HOUR/ATM/CUBIC FOOT

S*.* BURNER OUTLET TEMPERATURE SURVEY ,*
I TFkP I0 TEMP I TEMP 10 IEMP 10 TEMP Io TEMP 10 TEPP

ANNULUS 1 2 132A, 6 1418. 15 1321. 19 1228, 24 1184, 27 142, 36 1463,
ANNULUS 2 4 1PP8. 7 1421. lb 1344, 21 1129, 25 1156, 34 1385, 37 1439,
ANNULUS 3 5 1 1, 14 1199, 17 1277. 22 1115. 26 1172, 35 1356, 39 1447,

LEFT SIDE t, AIR INLET TUBE CONDITICNS ',. RIGHT SIDE
TCTAL PkESSURE 63.10 PSIA TOTAL PRESSURE 83,20 PSI*
STATIC OLSSUNE 62.67 PSA STATIC PRESURE 62.95 P1A
VELOCITY DELTA P .B7 "iG VELOCITY DELTA P '52 ONG
AIR TLMPLRATUrE 395, DEG F AIR TEPPERATURE 396, JIG F
AIk VELOCITY 141.58 FT/SEC AIR VELOCITY 169,41 FTisgC
.IPFFRENTIAL -RESUREI !LEFT P-TOTAL)PCRIGNT PvTOTAL)) -.215 "N

AIk FLUm (ATAt F-r-Fv 103,9 PSIA DELTA Pg 2,96 NG TOEN' go, 0 V

FUEL SYSTEM OATAI
FUEL F/M F0FOUE.CY 437, PZ VOLUPETRIC FLOW RATE 19,13 GAHIR

* FULL PRESSURE AT FIN 329.7 P31A FUEL TEMP AT F/N of, OE P

M. MISCELLANEOUS TRANSDUCER READING& ..
PANIFOLO AVkRAGE NURNER OUTLET TOTAL PRESSURE 5 49 PISA

* CUNBUSTON OUTER CASk. STATIC PRESSURE 61ite PIA (XOUCER 1 11)
0u0NER OIFFERENTIA1. TOTAL PRESSURE 7,03 ONG (MOUCMR 0 13)

* CNEMICA. ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLAN 1I

CO 2,5S0 1 02 04tSPa I CO 141.6 PPN CNx '4 PPM
NO 20.8 PPM N02 G.1 PPN NOX 3.o9 PPM NO(NDIR)'o MOECNOUV))
IO , PpM hog to PPM NOX .1PPM CENILUMINIICENCI I
EMISSIONS INDEX, LO/1004 LB FUELS COD 16.93 CHI* '04

CIEMILUMINESCENCE Note $I, NOIR 4 NOUV MNO% 4.63

CALCULATED FUEL/AIR RATIO FROP CNEPICAL AIALYSISI 611tt6
CALCULATED COMUSTION FFICIENCY FROM CHEMICAL ANALYSIS$ 011se I

CMECK ON F/A RATIO- F/A a *011241 W/ Of. CALCULATED Of I*Y437 1
SMOKE INDEXI 0.00

LZM MO aPPM a *rZ."

Figure 241. Final Prechamber Liner Initial Design on Pressure

Atomizer Injection at Nonregenerative 40% Pceer.
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hT 5 t UNAL PELTAN PkLHME LINER -UNIGO PRESSURE OSS .39I CJVC~LL PO/A 4~1I 0544 xFM FOWEL SETTRTING, L/M

AIR LOAL) FACTOR 1.1,150 PATTERN PACTOR '15930
tfl Hal SPUT: 6 27 a 1579, DtG F MAX LBOI / AVG BOY 1,1112
1 JtL 1PLTTMNTR 3. DGF FUEL IKLE T PRESSURE 31t.9 PSIA

MEAT LUAL;I,:S P~kFETEk *39164E.t? BTU/HCUk/ATM/CUBC FOOTI. ..,* RtUWNFR OUTLET IEMPEIRATUWL SURVLY a.

ID TEPPI IL) TEMP 10 TkMP 10 TEPP 10 TEM4P 10 TEMP ID TEMP
ANNU)LUS 1 2 1437. tj 15i10, 15 1499,, 19 1339, 24 1348, 27 1579, 36 1516.,
ANNUJLUS 2 4 1369, 7 1496. 16 1524, 21 1210. 25 1272. 34 1545. 37 1531,
ANNIJLU5 3 5 1361. 14 14R5, 17 1418. 22 1211, 26 1296. 35 146., 39 1540,

LEFT 310t 4. IR INLET TUBE CONDITIONS .. RIGOT 'rJE
TOTAL PRESSUR~E 71,22 PSIA TOTAL PItSSURt 711.21 PSIA
STATIC PRSSU~e 70.97 PS1* STATIC PREBRURE 73.95 P31A
VELOCITY UFLTA k' .51 "HG Vt.LOCIlY UELTA P 505 *O4G
AIR TEMPERATuRE 429. DEG F AIR 1EM PkRATURf 429e 09G F
Alk VELOCITY 104,101 F1/SEC AIR VELOCITY 187,44 FT/SEC
OIFFERt.NTIAL PRfSSUREt (CEFT POTOTAL).CR(19T PeTOTAL)) -,903 1146

AIN (iLUO OATAS PoMtFe Jq3,P P31A DELTA Ps 3.61 00MG TeREPS 93e 016 F

FULL SYSTEM OATh:
FUEL F14 FRFOUEkCy 531. 1-Z VOLUMETRIC FLOW RATE 23*JA GAL/Hit
FUEL PWE83URL Al F/11 31a.5 PSIA FUEL TEMP AT F/H 9A, OEG F

oMISCELLANEOUJS TRANAOUCER READIN6a
PAkIFOLJ AVERAGt BURNER OUTLET TOTAL PRES&URE 46,06 PSIA
COM4USIOR OUtE4# CASE STATIC PRtSSURE 76.26 Pit* tEouctiR a 11)
dUR.4E. DIFFERW~IAL TOTAL PRESSUNE 1,03 ONG CEDUC9R to 13)

*CNEMICAL ANALYSIS RESLTLS
bAS SA"PLtS TANEN IN PLANt 61

C02 2,300 % 02 17,300 X cc 179,9 Ppm cHx 'S PPM
40 33,7 OPM N1.12 11.5 PPP NOX 4602 PPM CNQCNOIN) *NOI(NDUV)l

40 1 PPM N02 'I PPM NOX It101 PPM CNEM"LU"HINEreENE
EMISSIOhS INDEl, L9/11ifJ Lb FUELS COO 11.57 CMX.K 0

CMEMILLMINt3CENCC NOJ. got# NOIN # NOIJY NOts 56)

CALCULATED FUtLAII RATIO tROO CNEPICAL ANALYSIS@ .18146
CALCULAtED COMSReSTION EFFICItCV FROP C4141CA. ANALYSIS1 99.3551 1

CPIECK 0's F/h AI 10P/A 0 *12424 0/0 02. CALCULATEDOf 0a 17.503 1

SALTZMgAN 1402 aPI Lo - to. S 3

Figure 24?. Final Prechamber Liner Initial Design on Pressure
Atomizer Injection at Nonregenerat Ave 55% Power.
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T53 COmTUS n EIPEkImENTS - RIG 8/U 43, TEST SERIES 52p READING 4 898
T o3 FINAL DES16N - PkL.HAMOER LINER - RUNNING ON PRESSURE ATOMIZER
TEST DATEI 6-15-72 RFADING hAS TAKEN AT 1722120 HOURS

CYCLE POINT 3 75 Z POWER SETTING

EXPERI1IENTAL CnNDITIOK$t
1 uRNEw AIR FLOW ',906 LB/SEC AVG BURNER INLET TEMP 473. DEG F
AVG 6URNEW INLFT PWES 84.6 PSIA AVG bURNER OUTLET TEMP 1579. DEG F
AVG UNUwER DELTA P 9,355 "iG PRtSSURE LOSS 5,83 1
OVkALL F/A RATIO ,PIS53 (t/Ip) FULL FLOW RATE 177.67 LB/HR
AIR LOAD FACTOR 1,1330 PATTERN FACTOR ,16982
80f HOT SPOTI a 7 v 1788, DkG F MAX OT / AVG OT 1,1324
FUEL INLET TFMPLNAIURE 143o DEG F FUEL INLET PRESSURE 367.9 PSIA
MEAT LI AING PAWAMLTEW ,42802t+07 BTU/MUUR/ATM/CUBIC FOOT

BURNER OUTLET TEMPERATURE SURVEY tre,
IP TEPP ID TEMP I TEMP 10 TEMP I TEMP IU TEMP ID TEMP

AN?4'JLUS 1 2 1619. 6 1770, 15 1570, 19 1581, 24 1417. 27 1734, 36 1711,
ANNJLLIS 2 4 1522. 7 1788. 16 1655, 21 1362. 25 1337, 34 1680, 37 1733,
ANNULUS 3 5 1518. 14 1515, 17 1586. 2Z 1367. 28 1394, 35 1016, 39 17060,

LEFT SIOE ea AIR INLET TUbE CONDITIONS e RIGHT SIDE
TOTAL PRESSURE 61,5 PSIA TOTAL PRESSURE 0,58 PSIA
STATIC PRESSURE 79,2 PSIA STATIC PRESSURE $0,15 PSa
VELCCITY DELTA p 1.49 4Mo VELOCITY DELTA P .07 ONG
AIR TEMPERATURE 473, OEG F AIR TEOPERATURE 473, 0EG F
AIR VELOCITY 17t,16 FT/SEC AIR vELOCITY 133.90 FT/SfC
UIfFERENTIAL PRES4UWEI C(LEFT Pa1OTAL)--RIGNT P.TOTAL)1 -. 164 $No

AIW FLUw OAThS .- N F* 142,2 PSIA DELTA Ps 4,27 ONG TeR(Fs 93. DEG 0

FUEL SYSTEM OATAt
FUEL F/m FREUUEI.Cv 6.90 1Z vOLUmETRIC FLON RAr I$*7 GAL/MR
FUEL PRESS"'F AT F/0 473,? PSI* FUEL TEMP AT F,' 06. DIG F

"ISCELLANEOUS TRANSOUCEL READINGS
PhNIFOLO AVfRAGt 8UPNkw OUTLET TCTAL PRESSURE 75,67 P31A
COmdUSTOR OUTER CASE STATIC PRESSURE 79,24 Pala MIDUCER a 11)
BURNER OIFFESENIIAL TOT AL PRESSURE 9.53 "g (IOUCER a 3)

ae CHEMICAL ANAL.V RESULTS a
GAS SAULES TAith IN PLANE 01

IC02 2.151 02 :6.700 I C 191.0 PPM CHI 0 PPM
%0 52 PP" n2 b PPA hOx 93 PP" (NO(NOIR) * N0l(NOUV)
NO %( 1PM 2D .0 PPM NOW .O PPM I MNEPILUMIN(SCINCE I
EMISSIONI INODE, L2 olUEU LB FUELS COO 11.41 CHX so

CMtPILUMINISCENCt NOW* 0s, NOIR * 4OUV MCI* 4,31

CALCULATED FUEL/AIR RATIO PROF CPICAL A4ALYSIS. ,01340
CALCULATED CONPUWIION EFFICIEhCY PROP COEMICAL ANALYSISI 9,V0-3 1

CNECK ON F/h %ATI06 ?/A a 0t313030 /0 00, CALCULATED 01 4 11.90 X

$Nag[ INVE1t i4.M
SALTZAN • a 574 O E T. ' 5S7

Figure 243. Final Pre.chamber Liner Initial Design on Pressure
Atomizer Injection at Non*egenerative 7S% Power.
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T53 cnfmUSTMR ExPLwlENTS v RIG P/U 43, TEST SERIES 52, READING 4 699
T F3 FINAL nESICG . PRECMAMOER LINER - RUNNING ON PRESSURE ATOMIZER
rEST oVTEz 6-15-72 REAOING wAS Ti.iN AT 1743146 MOURS

CYCLE PUINT 2 IF@ X PUWER SETTING

***** EXPmRIMINTAL CONOITIONS ... a
OUN AIR FLO* 3.226 Lb/SEfC AVG BURNER INLET TEMP 524. DEG F
AVG dUkNLk INLET PRES 91.0 PSIA AVG bU64ER OUTLET TEMP 1796. DEG F

AVG BUkNEw nELTA P 9.82 " G PRESSURE LOSS 5.39 1

OVERALL F/ O ml1Q57 (F/O) FUEL FLOO RATE 227,26 LB/HR

AIR LOAD FACTOR 101112 PATTERN FACTOR 31965
bUT HOT SPOT; h 7 a 2203. DEG F MAX SOT / AVG DOT 1,2265

FUEL INLET TEMPN ATU,'E 157. DEG F FUEL 'kLFT PRESSURE 317.7 PSIA

HEAT LOADING PA"AftTLH *48396E*V7 BTU/H1U4. ATV/CUBIC FOOT

... HURNLR OUTLET TEMPERATE tE SURVEY ....

IV TEPP lo TLIP ID TEMP 10 TEPP 10 TEMP 10 TEMP tO TEMP
ANNULUS 1 2 1844. b 2019, i 1e45, 19 17t7. 24 1618. 27 1903. 36 1855.
ANP ULUS 2 4 167t. 7 2203, 16 1899. 21 1550. 25 1523, 34 13!6. 37 1157.

ANNU%.US 3 5 1724. 14 1633. 17 l676. 22 154 . 26 1635. 35 1656. 39 1624.

LFFT JIDE .a AIR INLET TUBE CONUITIONS 0* RIGhT SIDE
TOTAL PRESSURE 93.94 PSIA TOTAL PRESSURE 91,11 PS!A

STATIC PRId R VW1,49 PSIA STATIC PRESSURL 90.04 PSIA

VtLOCITY DELTA P *q2 #0G VELOCITY DELTA P .94 ONG

AIR TEPENATURE 523. CEO F AJP T PtRATURE 524, DEG P
AIQ vELOCITY 129.53 FT/SEC AI VELOCITY 131. 2 FT/SEC

OIF tRtNTIAL PRESSUktI ((LEF1 P-TOTAL)-(4IGNT P-TOTAL)) 0,339 sMG

AIR PLUW DATAT RowL&e 111. PSIA DELT4 PS 4,99 ONG y-erFe #g 02 EG P

FUEL SYSTEM OATAt

* FUCL FN PWF.OiENCv 447. NZ VOLUETmRIC FLOP NATt 36,70 GAU00*
FUkL PRESSURE AT F/ 564,6 Ps1* hULL Tt11P AT F/M 00o M(1 P

6* ISCELLANCOUS TYkAtOUCEk PADINGS *s

06W|FOLD AVEAAGE 'uR eER OUTLET TOTAL PRESSURE 06.2 PSIA
COGOUSTO OUTER CASE STATIC PRES3URt *to0 1* (NOUCIB 11)

UOINER UIPFERETIAL TOTAL PRESSURE 9.65 ONG (NOuCht * 13)

6 C"ENICAL ANALYSIS RSILTS .
GAS $ANPLtS TAKEN I% PLANE *I

CO2 3.261 2 02 16.00 1 C 17O PP" CN .1 PPM
%D de6 PPM hO? 14.1 PPP NON 56,0 PPN (4O(kOIR) # N01(kDUV))

NO op op " 2 . PP' "Op . PP-*O CM&PILUMNINE&CINI I
(0I$SIONS P.UEk# LM/OP Lb FUkLI COS. 6.1 CNN* is

CMIMILUNIESCENCE hoXl 40, 401 0 kOUV NOSe 4,71

CALCULATEO FLEliAI AIO PROP CNEMICAL AALyStSI .615916

C&LCULATE CO"OUSTION EFFICIEkCV FrPN CME'ICL 6NALAIRS1 t$*7371 1

CMECR ON /A RATIO. 0/A 9 .197S? "/O of. CALCULATED Of a 10.444 S

SNORE INiON PI, %s*4

Figure k44. Final Prechamber Liner Initial Design on Pressure

Atomizer Injection at Nonregenerativc 100% Power.
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T63 tflMAIJSTOia hP~kII'NTS - RIG R/U 43, TtST SbIRIES 52, READING 6 735
T 3 FINAL fltSI(N o PRECHAP8ER LINER *RUNNfl.G ON PRESSURE ATOMIZER

rEST UATL? eh-15-72 RkADING IkAS TAXEN AT 1925155 "OURS

CYCLL 00INT 7 0 1 POWER SETTING

'*. kPEIIMLKTAL CONDITIONS 'i

bUWd.R AIR FLOi 1,677 i~/t AVG 6110NER INLET TEP4P 296. 016 1

AVt; 8;"Nk INL~ET pRqE5 43wy PSIA Av6 OURNER OUTLET TE00 376. DEG F
£V(, lUb4Ntk DELTA P 50 1'~G POLSSURF LOSS 5,62 1
QVE4ALL I/A RATIO 0#jjjV4 (F/10) FUtL YLOu RATE 1,4! 0 *iR
AIR LOAD FACTOA ,.t84A' PATTE~RN kACTOR .33066
AOT AUT 5PUTI a 27 a A3~3, PEG F MA boy i AVG 601 11$719
J'J;tL jN JT TEP 'tWURt 104. OEsG F fUtL 1*KLtT P3URf o1,8 PS1*
"E~AT LUAUZNG 9AJhA~ttE .3022Ef6 e6L/NJ0UhjATP/CUOC FOOT

see. OUMSE9 OUYLky YOtEIPRATURI SURVEY *too

10 TE''0 10 TI'eP 10 TEJAP 10 ttlP 10 TEM~P IC 4010 10 ?PP
A~.uS12 IP4. 4 3s6. 15 376, 1f 309, 24 361, 27 4133 36 397o

Ahw"QLUS 2 4 3f6b. 7 343.* 16 315, 21 372. 25 376. 34 343. 3? 365.

ANuV a' b 356. 14 36. 17 307. 22 368, 26 374, 33 314 . 39 369,

* L~fT' 110tbe AIR 14Wt TUBE C('NDITIOk$ O. IGNY 3I0t
TW.04AL Pi1&s*ive £.*-71 PSIA TOTAL P5&5!t)EE 43.73 v$1A
ST&TIc oktssuak 6..45 PSjA ST*TIC Pots$Uot 43,44 061A

VtL-I1 CELTA P .33 01.1 VILOCIYY DELTA P '59 1Wr

alit TEW,0ENAT.JR1 goo, DEC f AIR YU11PERATURE 290, of& r
A10 vtL OCitv 224.51 ftisic AIRt VELOCITY 131.96 fT/sic

A1Q Lvv DATil pftiffFe 145,3 03A OtLTA Pe 1.59 *MaG T.IEP' 13. 016 0

#UEL SWS1I GATAl
* FUEL F," f*(wU~hCy 2). 1.1 VOLUEIffC FILOW STE lose GAL/KV

WVIDL P1tSUNE &I Fi 311,7 PSIA futL Tlmp At f/10 9o-, oft f

PA%IfOL) A~fRk(4 eV01%lif COtLET TCIAL PPESSU4k 41.96 PSJA
CO4410l Outtil CASE STATIC viftSuot 42,96 P51* (NOUCER v 11)
OUA'aEB OIfFfQ(%!I&s. TOTAL PRESSURE 4.99 N!6 CUoucip a )

$OE INOEXt
SALTZPSA% 401 a) Op

Figure As. Final Prechalmber Liner Initial Design on Pressure

Atciiier Injection at H*-iregenerative Lcvan Blow Chit.



TABLE LXXIV. COMPARISON OF T63 NONREGENERATIVE EMISSION/COMBUSTOR
PERFORMANCE OF (1) CONVENTIONAL LINER, (2) FINAL DESIGN
PRECHAMBER LINER WITH WALL FUEL FILM INJECTION, AND
(3) FINAL DESIGN PRECHAMBER LINER WITH STANDARD
PRESSURE ATOMIZING INJECTION.

A. ''i.. osr1 2.

co, (ppm) . -1.5 495._ 382.9 217711 7'17

/C, (ppm) 1 U0.0f 37.0 15.8 L.1 0. .6
wO (On-Line, NDIR & NDUV)(ppm) .7.0 32.0 41.1 4S.6 58.0 F'].

5 " (On-Line, CL) (ppm) 17.2 23.4 32.6 40.7 56.3 5.6

No x(Saltzman) (ppm) 18.5 27.8 37.1 14.8 01.3 90.6
Slnole IN m ',x!r 3. 7. 32. 17. 25. 30.

[. P-,ossure lo,-s CO 14.6{3 L1.I q. 53 4.41 It. 3P 4..it:

C. '.',l.P,,,filf. (T, IT )1.11S 1.I142 1.120 1.113 l.1w; . O6

11. Final Design Precha1u-l Tul.. -.. .- -

Ii/c,(ppm) 6.5 .b .0 .5 1.1 1.0

NO x,(On-Line, N)IR & NDUV)(ppm) 19.5 25.2 31.6 42.6 51.1 94.9

NO ,(Saltzman) (ppm) 19.3 26.2 32.5 40.7 52.1 81.1*

Smok' Nom'b,' 2.47 1.78 2.89 10.47 26.03 61.29

Iio. 5.9 5.83 5.86 5.81 5,27 47C. Tu'i.p. Pecf),l ( p /1' f) 1.248 31. 42. 1.256 1.221 .22

11.Finai Design Preehamber-Pressure
A. 1: i .j on,, Atomizer I

Co. (p iv') 74.6 123.7 141.0 170.9 191.9 170.9
illC, (ppm) .4 . . .6 .0 .0

Nu' ,(On-Li ne, NIR IUV) (ppm) 14.7 26. 30.9 45.2 50.3 5b.

C.r, 11,11 ( 11 5 1.123 0 . 127 1.111 1.132 1.226

'Diluttid Sample - Low Reading
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Figure 246. Nonregenerative T63-A-;A Combustor
Hydrocarbon Emission Data Comparison for
Extended-Length, Prechamber Final Design
Combustor and T63 Baseline Combustors.
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Figure 247. Nonregenerative T63-A-SA Com~bustor
Carbon Monoxide Emission Data Comparison for
Extended-Length, Prechiamber Final Design Combustor
and T63 Baseline Combustors.
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Figure 248. Nonregenerative T63-A-SA Combustor
Nitrogen Oxides Emission Data Comparison for
Extended-LengthPrechamber Final Design Combustor
and T63 Baseline Combustors.
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Figure 249. Nonregenerative T63-A-5A Combustor
Carbon Monoxide VS Nitrogen Oxides Emission
Data Comparison for Extended-Length, Prechamber
Final Design Combustor and T63 Baseline Combustors.

439



('41. 93)

32 - -Prechamber -Wall

32FilaLiner

30---

28 _ _---

26

24.--..- ~ -

0
04 _

a~22 ..-- -- -

H 2

- Conventional---

t4

A 12--
N) frechamber -Pressure

0 0- -- Atomizing Liner

8-6- -Lner

2 -

0-
0 10 20) 3O46 50 60 70 80 90 100

Percent Output Horsepower

Figure 250. Nonregenerative T63-A-SA Combustor
Smoke Data Comparison for Extended.-Lengthv
Prechamber Final Design Combustor and T63
Baseline Combustors.
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• .- .

Comparing the performance of the Final Prechamber operating on the
pressure atomizer nozzle with the Rich Premix/Swirl combustor tested
in the preliminary test series, the emission performances were very
similar. The wall fuel film operation, however, did not perform

9V nearly as well as the preliminary version. For this operating mode,
the richer reaction zone showed the anticipated effects of lowering
the hydrocarbon concentrations, lowering the CO at idle, and increas-
ing the NO . What was not obtained,however,were the low levels of
CO at the igher power levels and the elimination of smoke.
Overall,the pressure atomizer reduced the total emissions by 53%I; with no constituent increase. The wall fuel film mode reduced over- A
all emissions by 44%, but allowed a 41% increase in particulates. '4

Exhaust temperature profiles are plotted in Figure 251. Except
for 100% power conditions, the pressure atomizing mode of the "Pre-
chamber" gave a satisfactory profile. However, the wall fuel film
mode profile was high at all operating points.

Lean blowout from idle was determined to occur at a fuel-air ratio of
0.0062 for the "Wall Fuel Film Prechamber Liner", but when operating
on the pressure atomizer, the combustor exhibited no lean blowout
point. Fuel was reduiced until the flow rate was too low to be accur-
ately measured. Final data were taken at a fuel-air ratio giving
only 80°F temperature rise. At this condition, the fuel was shut off.

Skin thermocouple temperature data are shown in Figures 252 and
253. With pressure atomization, the reaction zone appears to move
downstream as more tuel is added. Using wall film vaporization,
however, the reaction appears to maintain the same axial position
regardless of fuel flow rates. It is clear that the vaporizer tube
wall is significantly cooled by the vaporizing wall fuel film, as
its temperature is always below the inlet temperature.

-4

Mgodification "A"

Final Prechamber Modification "A" consisted of removing 1.5 inches of
axial length from the vaporizer tube to permit more combustion gases
to pass up the center of the vaporizer tube swirl vortex and increase
the fuel vaporization rate. Also, a 1.50-inch long cylindrical section
was added downstream of the dilution holes to allow more time for
dilution mixing and thus improve the exhaust temperature profile.

The detailed acquisition data sheets for Prechamber Modification
"A" are presented in Figures 254 through 258 for wall fuel film
operation dnd in Figures 259 through 264 for pressure atomizing
nozzle operation. The emission, pressure-loss, and temperature-

-) file data are summarized in Table LXXV. Pressure losses for
, Prechamhr comhitor remained at 1% - 1.5% higher on the average

6% n the Conventional T63 combustor pressure loss.
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Figure 252. Nonregenerative Th3-A-SA Combustor
Combustor Skin Tempratures for Prechamiber
Final Design Combustor Operating on Pressure
Atomizer Injection.
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Figure 2S3. Nonregenerative ?63-A.SA Combustor
Combustor Skin Temperatur*& for Prechaimber
Final Design Combustor Operating on Wall
Fuel Film Injection.
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T63 COMBUSTOR EXPERIMENTS RIG B/U 561 TEST SERIES 65# READING 6 794
T63 PRECHAMBER FINAL DESIGN, MOD NAP RUN STO. CYCLE ON WALL FILM NOZZLE
TEST DATEI 7-12-72 READING WAS TAKEN AT 15593 2 HOURS

CYCLE POINT 1 13 2 POWER SETTING

***** EXPERIMENTAL CONDITIONS *i*
BURNER AIR FLOW 1.696 LB/SEC AVG BURNER INLET TEMP 3i0, 0E6 F
AVG SURNER INLET PRES 44,6 PSA AVG BURNER OUTLET TEMP 1676. OEG F
AVG BURNER DELTA P 5,43 40G PRESSURE LOSS 5.9o 1
OVERALL F/A RATIO .1666 (F/ ) FUEL FLOW RATE 74.16 LB/MR
AIR LOAD FACTOR 1*1723 PATTERN FACTOR .3B05
SOT HOT SPOTS a 65 a 1317. DEG F MAX 0T / AVG SOT 1.2213
FUEL INLET TEMPERATURE 1i12 DEG F FUEL INLET PRESSURE 56,4 PSIA
HEAT LOADING PANAETER *28284E+97 BTU/MOURIATM/CUBIC FOOT

,tee BURNER OUTLET TEMPERATURE SURVEY a...
10 TEVP 10 TEMP 10 TEMP I0 TEMP 10 TEIMP I TEMP ID TEOP

ANNULUS 1 2 954, 6 161e, 15 1176, 19 1693. 24 1265, 17 1304, 36 324.
ANNULUS 2 4 1616, 7 116. 16 123?. It 1243. 25 1317. 34 69, 37 353,
ANNULUS 3 5 963e 14 1143, 17 1145. 22 1276. 26 IM6, 35 723o 39 l6,

LEFT SIDE a.. AIR INLET TUBE CONDITIONS a.. RIG4 SIDE
TOTAL PRESSURE 44.6 PSIA TOTAL PRESSURE 44,09 PSIA
STATIC PRESSURE 44,26 P31A STATiC PRESSURE 44,33 PSIA
VELOCITY DELTA P .55 M VELOCITY DELTA P s53 o MG
AIR TEMPERATURE 30o. DEG F AIR TEMPERATURE 360, 016 F
AIR VELOCITY 1261.3 FT/ISC AIM VELOCITY 113.0 FTISEC
OIFFERENTIAL PReSSURES (CLEFT P-IOTAL)-(RSGMY PsTOTAL)) 404&5 &N$

AIR FLOW OAT& PaRiFi 104,9 PItA DELTA P. 1.74 64S TRps 10. DEG P

i FUEL SYSTEM OAThS

FUEL Pim FREGUENCY 74, 0 Z VOLUPITRIC fiP3 RATE l1l.4 6ALIMi
FUEL PRESSURE AT FIN 1?? PSIA FUEL v90P AT F/N 33, 016 F

*. MISCELLANEOUIS TRANIOUCIR RIADINS 0*
'ANbIFO.O AVERAGIE URNE& OUTLET TOTAL PRESSIRE 41.31 Pi14
COMBUSTOR OUTER CASE STATIC PRIsURE 43934 PSI (IOUCi 0 it1)
0UNNER OIFFEUENTIAL TOTAL PRESSURE 5.3t WN6 (IOUC0R 4 13)

C CML CAL ANALYSIS R1SULTS a
4A$ SAPPLIS TAKEN IN PLANE t

COS 1.641 4 02 161730 2 CO 111.? PPM CHI I's PPM
NO 11,7 PPM kOl 0.4 PPM NO Joel PPM thi(NOIR) * w3(NOUJV))J
NO 10s PPo hOf .PPM NON to's PPM t tMIMILuNMI WICNCE I
EMISSIOkS INOIs Lol/ll00 13 FUELI COs 14,6 Cls' e 41

CMEMILUINESCENC N100 3N4 Note * NoV NOse 1,1

CALCULATEO FUEL/AIR RATIO PROP C441PICAL AkA0YISI .044?66
CACULATIO CONIUITION 1PFICINt: PROP C9nIMCAL &NALVI0sS t9.534 ll-

.01CK ON FIA RATIO* PFA e ,0#94t1 W/O Ole CALCULATIV 01 0 10,413 I

SALTZMAN NON I. PPM

FIgure 2S4. Final Prechamber Liner hodificadton "A" on WaI Fuel
Injection at Nonreenerstive 1% Power.
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T63 COP40USTOR EXPEIRIMENtS RIG b/U 56, TEST SERIES 65, READING 75
T63 PRLCHMPBER FINAL DESIGN, POD "A" RLUh STD, CYCLE ON WALL FILM NOZZLE
TEST DATEI 7-12m72 READING WAS TAKEN AT 1624153 HOURS

CYCLE POINT 6 25 1 POWER SETTING

... EXPFRIME-TAL CONDITIONS t,
OUR .R AIR FLOW 2.215 LB/SEC AVG bURNIM INLET TEMP 352m 0EC. F
AVG bUR'.ER INLET PRE- 54.4 PSIA AVG bURNER OUTLET TEMP 1202. DEG F
AVG bi~kNER DELTA P 6,33 PMG PRESSURE LOSS 5.71 1
OVERALL F/A NAT1U .01202 (F/1) PUkL FLO% RATE 05,45 L6/NR
AIR LOAD FACTOR 111605 PATTERN. FACTOR .33916
007 "01 SPOT: a 25 a 1491, D~li F PAX bOT I AVG 60T 1.2403
FUEL INLET YEMPtNATLIRE 122. QO.6 F PuFL INLET PRESSURE 75,1 P31A
HEAT LOADING PAkAPFTER .29991EW2 MTIMUPIATM/CUBIC M.":

O. URNR OIUTLET TEPMPERATURt SURVEY tc
TO TEPP 10 TENP ID TEMP 10 TEMP ID TEMP IU TEMP TO TEIPP

ANNUL~b 1 2 14hV* 6 2120. 15 1292. 19 1225. 24 1435, 27 1414, 30 .119,
ANNULUS 2 4 1125, 7 1258, 16 1326, 21 1366, 25 1491, 34 929. 37 94e
AkNMULUS 3 5 1039, 14 1236. 17 12.3?. 22 14t4. 2t. W-36, 35 623, 39 992.

LEFT SIDt are* AIR IN.LET Tubf CONUlTIONS . RIGHT $lDE
TOTAL PRESSURE 54,3? PSIJA TOTAL PRES3uRE 54.42 PSIl
STATIC PNL33UQE $4.11 PSI1 STAIC PRESSURE 53e094 PSIA
VELOCITY DELTA 1 *53 "G VELOCITY CELTA P .86 M
A111 TENPEWATU"L 352. DEG F AIR 11EPIRATUWE 3S2. OCG F
AIp VELOCITY 115.33 FT/StC AIR VELOCIlY 10,.91 pT/SC
CIFFEWtmaTIAL POMUI.ME1 tfL'.PT *.TOIAL)-(SIGWT PTOTAL)T 00110 0146

#I% FLU% OATA$ FoRtfe 104,1 P31* DELTA ve 2.35 v16 T.REP8 lose 0ff# f

FUEL SYSyLN Da'Al
FUVL Flo. F'.FQ'J(Cv .354, 10z VOLUPETRIC FLO% RATE 15.47 6ALIPIS
FUtL PRESSURE AT!m IYI:7,3 P!1A full. TEMP At F/N 910 6ES F

MAkIFoLD AVERAGE vku*%kW 'JTL(T TrTAL Pot(SAI,6t 51.09 PSIA
L110SUSTOR OUTER4 LASI STATIC PRtSSUvt $3,0 PSI& txDUCER a 11)
SUNNER DIFFINWaIAL TOTAL pvESsuoE 6*.f si~g InauCE' a 131

0 COEXICA ANALYSIS RISULTS
Gas saNPLES TAXE.IN toPLANt *I

cot a.vto 1 02 1656 1 cO Is$,? PON C441 9,4 OF"
fti 14,9 P~m %.02 8.1 Opp ftvX P6.0 FPM (Not"OI) * Ii0(hotIV))
No 260.S pox hot 2.0 OPPNo t o's16. P6'. ( CK*NILUOIRICEWC1
1"ISSIOkS TRW#N LS/i'.O L0 Fv(L: Coe tie.#- come *33

CMEMILUTMIkESCE%CE kCVW 3,41, Note16 % Ouv N.ot* 3%34

CALCULATED PUEI./ASR RAT1O fROP C141PICAL AhALYSIS1 fees#*0
CALCULATEI CDORST1Ok WFICIEWC PRO'. C'.EM)CAI ANALYSI&I 99*5131

CH.ECK Oft F/A RATIO- FIA a 4#9107S b/O Of, CALCULAtD02 Of 01087 1

SALAt %01 ' 0u: 3 P ~ .r 3.37

Figure 255. Final Prechasaber Liner Mod. "A" on Wall Fuel
Injection at Nonh'generativo 2S% Power.
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TO3 COMBUSTOR EXPERIPENTS o RIG 8/U 56p TEST SERIES 65, REAIONG a 706
T03 PRECHAMBER FINAL DLSIGN. MOO OA" RUN STG, CYCLE ON WALL FILM NOZZLE
TEST DATE$ 7-12a72 READING WAS TAKEN AT 1649158 HOURS

CYCLE POINT 5 41 X POWER SETTING

***** EXPERIMENTAL CONDITIONS *****

BURNER AIR FLOW 2,533 LB/SEC AVG BURNER INLET TEMP 397, DEG F

AVG BURNER INLET PkES 53,7 PSIA .VS BURNER OUTLET TEMP 1333, DE6 P
AVG SUMNER OELTA P 7,59 R146 PRESSURE LOSS 5,76 1

OVERALL F/A RATIO 01.311 (F/") FUEL FLOW RATE 119.56 LS/"R

AIR LOAD FACTOR 1.1639 PATTERN FACTOR '31719

SOT NOT SPOTS 0 27 1 1596, DEG F KAI SOT / AVG SOT 1.U0PB

FUEL INLET TEMPERATUkE 133, DEG F FUEL INLET PRESSURE 93,6 P1IA

NEAT LOAO**G PARAMETER .31939E#67 BTUINOUNIATM/CUSIC FOOT

BURNER OUTLET TEMPERATURE SURVE, ... '

10 TEPP It TEMP ID TEMP ID TINP 10 TEMP 10 TEMP 10 TEMP

#NNULUS 1 2 154, 6 t224, I 1B5,iS. t9 133, 24 125, 17 159', 36 1601,

ASNULUS 2 4 123. -1 333. 16 1469. 1 1517. 28 1575. 34 l91. 3? isle.
ANNULUS 3 5 1169. 14 1466. 1? 1396. 22 156i, 26 1556. 15 i90. 30 1i15.

LEFT SMRE ... AIR IN.LT TUBE CONDITIONS too RIGHT SIDE

TOTAL POLSSURE 63.6? PSA TOTAL PRESSURE 03,74 PIIA

STATIC PRESSURE 63.1y PSIA STATIC PRESSURE #3,36 PSIA

VILOCITY DELTA P 1ilt 'HS VELOCITY DELTA P .73 'NB
AIR TtMPtRATUqE 397, OCG F AIR IEPPIRATUE 397?0 g F

AIR VELOCITY 151.04 FTiSgC AIR vELOCITY 12l.i7 ft/SEC

OIFPERE'TI4L *RESUREt ItLEFT P*TOTAL)e(NIGIT POTOTA103 0,146 swG

AIR FLOW OATAI PoREF* 103,1 P5IA CELTA P* 3.06 *M TEPgfe 1W. 0(6 F

FUlL !YSTEM DATAI
PUl 4 FIn FREQUEkCY 441, 1Z vO1 +umR4IC FLOW RATE 19,41 SAL/"*

FU(L PRESSURE AT fiv 1ds,# PIA FUEL TEMP AT Fip got big v

6* WISCLLANRIU! TRAkSOUC6 IIA01"6I0
-A. FOLD AVERAGE BURNtE OUTLET TOTAL PMUIC 60,91 PSI&

Co0JUSTO0 OUTER CASE STATIC PRISSURI $l,60 P114 (sOuCiR a i1)

.ItMI! OIFFERENTIAL TOTAL PRISIURE 7,43 ON (,OtJCt a 13)

CHE9lMICAL ANALYSIS RESULTS .
GAS SARfPIl TAXI% !m PLAIt at

0I R,107 5 0I of 14*16 1 CO 1.7 PPM CHI sty PPM
IO 19,4 PPN NOt O. PPM NOR 30,. PPM IMO(NBIR) , HO(HOtJ))
no 30,1 PPOM AS 's PPp "O 30* FPN ( CHIMILUN1-111CEN¢E I
INISSIS I401VE. LI110 LI FUILI COO 11.71 Cmis .39

C-ENILUOINESCINCE MC1 4,ll0 N01t N ROuv NOR* 306l

CALCULATED FVUCL/AI RATIO fROP CHEMICAL &SALTSIS sells"
CALCULATCO COMMUTION EPflCI(kCT FROM CHMNICAL ALALYSIBS 604M60) I

CMKCM ON P/ RATI0O-s F/A •01118 /O O, CALCULATI0 0t 9 1i6.0l 1

ALTZMAN o 31.5 PP .. 3.87
Flpre 2S6. inn, Preehmber Liner Mod. "A" on all Fuel

Injection at ionregenerttive 140% Power.
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T63 CombuSTOR EXPEWIlikTS k1 BIz /U 56, 1LST ScR1ES 65, READING k 797
T63 PRECMAMP.IR FINAL DESIGN# 140D "A0 RUN 37, CYCLE ON WALL FILM NOZZLE
TEST DATt: 7-12-72 READING hAS TAKEN AT 173@124 HOUR$

CYCLE. POINT 4 35 2 POOER SETTING

bUkNER AI14 FLO* 2,720' LIP/SEC AVG bU&NEN INLET IEOP 430, DEG F
AVG OU14NER INLEI Pkt5 71.9 PSIA AVG bURNER OUTLET TEMP 1431, DEG F
AVG SUWPNEW DELTA P 8l PPG PRESSUhE LOSS 5661 1
OVERALL FtA RATI .I14hl (Fipl) FUtL FLOP WATE 1439P3 LB/HR
AIR LOAD FACT0IW 1,1427 PAM~RS FACTOR .3306
DOT HOT SPOTJ L 25 a 1759. DtG F PAX bO1 / AVG PDT 1.2364
FULL INLET TEP4PthATU14t 144, 0L F FULL IN~LET PRESSURk 113,3 PSIA
"EAT LOADING PA£?TI *3426AE~t7 EbTU/NOUk1AT0/CU5IC FOOT

se.BURN~ER OUTLET YtPIPLRATURE SURIVEY
to TFVP I1r TE,'P 10 TtMP TV~ TEP'P 10 TEMP 10 TIPP I0 TEMPAftkULUS 1 2 132V. 6 1329. 15 1516. 19 14bt. 24 1667, 2? 1752. 36 1160

ANNULUS 2 4 131-5, 7 1512. 16 156?. :1 1675, 25 1789, 34 1I96, 3? 11t2,
ANNULU~S 3 5 1779, 14 1463, 17 1511. 22 t566 26 1765. 35 904, 39 1151,

I t SIDE'a Ala INLET TUbE CONDITION& 41. 607 SIDE
TOTAL Pb145SURE 71,02 PSIA TOTAL PQESSURE 71,0? PSIA
STATIC Phs~a 701S 031A STATIC PRESSURE 7ao50 P31A
VELOCITY DELTA .3,7 MPG VfLOCITY DELTA P .06 W~mG
AIN VLeptWAIU4E, 43F, L1LG F AIR IEPPL4ATUNE 4, DEG F
AIa VELOCITY 140,12 F1iSEC AIR VELOCITY 13f,?? pytafC
9ItF.ERWNIAL P045t;WtI ICLIEFT P0?OTAL).CkeICWT P..TOTAL)I. -,a$! 014

AIN fLUm DaT's I-ki 142.6051SA DELIA Ps 3,5? ONG ToREF, 102, DIG F

FUtL SYSIE.' DATAS
FUEL Onm hefuE'.i.y S$ PIn vOl"~EtRIC FLO* PaTI 23,11 GAL/Wim
FUIL PUESSURE Al tit, 1OPP PS1A lUtL TE14P AT Fim 9?. Dec v

.. 11CELLAkLOIJS TRA*3utthCL AEAOINGS *
"AktFOLD AvfWatf 6uNht OUTLET TOTAL PAFSS01~ $1,94 PS1*
COpluslO. OUTIN to$( STATIC PREssuRE 69,8b PSI& CUoutim 0 11)
dUR.,EM OIFftO4IIL TOTAL #IESSUO 0a.1 ING (NDUCIA a 1)

*CHE941CAL ANALY316 AtIIVLIS*
GAS SA"16LES TAKEN IN PLANEt *I

COf 2635# 1 1.600 cc I&$1'$. Pro CWU "I PPO
%O 20,7 Ppm 402 11.3 PP %ox 39,.1 th~O(NO14) * NOI&0uv)1
Ito 52.9 OPP "('2 I'd PP %N 63.4 pPM f ClitpIL4JNilltaCt4he I
EMISSIONS 1400,. LM/IP L6 F00L to* 11.34 0410 Is0

CPt"MILUNINISCEWCE 'kOx 5,9d, Nola 0 400JV Wt~ 4,31

CALLULAYED FitL,£lk 44T'3 F460' LMPILAL AkALYSISI 8011389
CALCULATED C1OWTZO tFF!..IEhCV F000 CKLOICAL ANALYSIS$ 960633. 1

CHECK ON F/A *Alto* 9/4 * 011321 16toOp,2 CALCULATED It a 17,70S 1

Smoot INDEtf14
S&LtZRAIM kO 6 42.4 Prig ~ a *~

Figure 297. rinal Prechamber Liner Mod. "A" on Wall Fuel
Injection at Nonregenerativ- 55% Power.
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T63 COMBUSTOR EXPERIMENTS - RIG B/U 56, TEST SERIES 65p READING 0 798
T63 PRECHAMBER FINAL DESIGNS HOD "A" RUN STO, CYCLE ON WALL FILM NOZZLE
TEST DATE: 7-12-72 READING WAS TAKEN AT 1757140 HOURS

CYCLE POINT 3 75 % POWER SETTING

***** EXPERIMENTAL CONDITIONS *****
6URNER AIR FLOW 2.992 LB/SEC AVG BURNER INLET TEMP 472, DEG F
AVG HURNER INLE1 PkES 80,4 PSIA AVG bURNER OUTLET TEMP 157b. DEG F
AVG OURNER DELTA P 8.81 "HG PRESSURE LOSS 5,39 2
OVERALL F/A RATIO .01647 (F/P) FUEL FLON RATE 177,41 LB/HR
AIR LOAD FACTOR 1.1366 PATTERN FACTOR .44510
SOT HOT SPOTS h 26 a 2070, DEG F MAX BOT / AVG DOT 1.3119
FUEL INLET TEMPERAIURE 151. DEG F FUEL INLET PRESSURE 145,9 PSIA
HEAT LOADING PAkAPETER .37552E*07 BTU/HOUR/ATM/CUBIC FOOT

BURNER OUTLET TEMPERAIURE SURVEY *ae
I0 TEPP 10 TEMP ID TEMP ID TEMP I TEMP ID TEMP ID TEMP

ANNULUS 1 2 1366, 6 1476, 15 1694, 19 1577. 24 1829, 27 1965, 36 12230
ANNULUS 2 4 149, 7 1654, 16 1748, 21 1768, 2b 197, Z4 1245, 37 1233.
ANNULUS 3 5 1521. 14 1771. 17 1449. 22 1655. 26 2079, 35 1228. 39 1183.

LEFT SIDE *** AIR INLET TUBE CONDITIONS *** RIGHT SIDE
TU!AL PRLSSURt 80,33 PSI TOTAL PRESSURE 80,43 PSIA
STATIC PRESSURE 79.89 PSIA STATIC PRESSURE 8B,03 PSIA
VELOCITY DELTA F .90 "hG VELOCITY DELTA P .a "HG
AIR TWPERATURE 472, DEG F AIR TEPPERATURE 472, DEG F

.IR VELUCITY 133,28 FT/SEC AIR VELOCITY 125.95 FT/SEC
DIFFERENTIAL P(ESSURE: t(LEFT P-TOTAL)-(RIGHT PeTOTAL)J -.196 "MG

AIS FLOW DATAI P-REF. 102.3 PSIA DELTA Ps 4.33 "HG T-REF 1090, DES F

FUEL SYSTEM DATAI
FUEL F/M FREQUENCY 657, HZ VOLUMETRIC FLOW RATE 206S GAL/MR

FUEL PRESSURE AT F/P 261,9 PSIA FUEL TEMP AT F/M 97, DEG F

MISCELLANEOUS TRANSDUCEk REAU!NGS *a
MANIFOLD AVERAGE bURNER OUTLET TOTAL PRESSURE 76.95 PSIA
COS 0UTOR OUTER CASE STATIC PRESSURE 79,08 PSIA CXDUCER 0 11)
BURNER 074FERENIIAL TOTAL PRESSURE 8.72 "HG tXDUCER N 13)

CHEMICAL ANALYSIS RESULTS .
GAS SAMPLES TAKEN IN PLANE 41

C02 20550~ x 02 17,25t k CO 1661*18 PPM CMx 2,3 POM
NO 33,7 PPM NU2 16.1 PPM NOX d9,,9 PPM (NO(NOIR) * N02(NUUV))
NO 70,7 PPM KV2 3,0 PPP NOX 81.8 PPS ( CFEPILUNINESCENCE 3
EMISSIONS INOEX L1900 L8 FUILS COO 9,96 CHXw o22

CMEMILUHZNESCENCE NOX8 8,t0. NUIR + NOUV NOXv 4.89
CALCULATED FLEL/AIR RATIO FROP CHE1ICAL ANALYSISI ,912364

CALCULATtU COMSU3TION EFFYCIENCY FROM CH.MICAL ANALYSISa1 996206 X
CHECK ON F/A RAT10- F/A a *01225P Wio 02, CALCULATED 02 * 17,431 X

SMOKE INDEX: 5
SALTZMAN NOX a PPM

Figure 258. Final Prechamber Liner Modification "A" on Wall

Fuel Injection at Nonregenerativt 75% Power.

t49



T63 COMBUSTOR EXPERIMENTS - RIG B/U 56, TEST SERIES 65o READING 0 790
T63 PRfCHAHBER FINAL DESIGN# MOD $A" RUN STO, CYCLE ON PRESSURE NOZZLE
TEST OAYEI 7.13-72 READING WAS TAKEN AT 13591 5 HOURS

CYCLE POINT I to Z POWER SETTING

'*** EXPERIMENTAL CONDITIONS ***
BURNER AIR FLOW 1.74 LB/SEC AVG BURNER INLET TEMP 398. DEC F
AVG BURNER INLET PRES 44.7 PSA AVG BURNER GUTLET TEMP 1668, DEC F
AVG BURNER DELTA P 5.34 "HG PRESSURE LOSS 5,86
OVERALL F/A RATIO 7.1082 CF/H) FUEL FLOW RATE 73,1 LB/HR
AIR LOAD FACTOR 1115S1 PATTERN FACTOR 116483

SOT HOT SPOT 6 27 s 129, DEC F MAX 501 ! AVG SOT 1.1329
FUEL INLET TEMPERATURE 115. DEG F FUEL INLET PRESSURE 267.6 PSIA
HEAT LOADING PARAMETER 0 27794E*97 TUI/HOUR/ATM/CUDIC FOOT

*** BURNER OUTLET TEMPERATURE SUnVEY .. 'o
ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP IO TEMP ID TEMP

ANNULUS ' 2 964, 6 1639, 15 1144, 19 1161, 24 1166, 27 1269, 30 674.
ANNULUS 2 4 1036. ? 1153. 16 1196. 21 1165. 25 1199. 34 692. 37 916.
ANNULUS 3 5 1627. 14 1143. 17 1132. 22 1125. 26 1152, 35 655, 39 916.

LEFT SIDE .0 AIR INLET TUBE CONDITIONS *** RIGHT SIDE
TOTAL PRESSURE 44.68 PSIA TOTAL PRESSURE 44,71 PSIA
STATIC PRESSURE 44,39 PSIA STATIC PRESSURE 44,43 PSIA
VELOCITY OELTA P .59 "NG VELOCITY DELTA P .57 "Hs
AIR TEMPERATURE 3be. DEG F AIR TEMPERATURE 36, DEG F
AIR VELOCITY 138,61 FT/SEC AIR VELOCITY 126,44 FT/SEC
DIFFERENTIAL PRESSURE! (CLEFT PwTOTAL)-(RIGHT P-TOTAL)l -.674 "MG

A:R FLOW DATAI P-3EFs 165.6 PSIA DELTA Pe 1.66 "MG T-REFu 106. DEG F

'FUEL SYSTEM DATAI1
FUEL FIN FREQUENCY 276. 0Z VOLUMETRIC FLOW RATE 11.77 GAL/HR
FUEL PRESSURE AT FIN 272,1 PSIA PUEL TEMP AT F/N 93, DEs F

MAIO VEAE MISCELLANEOUS TRANSDUCER READINGS

MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 42.7 PSIACOMIUSTOR OUTER CASE STATIC PRESSURE 4393 PSIA CXDUCER 0 11)

BURNER DIFFERENTIAL TOTAL PRESSURE 5,39 "MG (XOUCER N 13)

: CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

cOg lgat l 02 16,699 1 CO 63,6 PPM CHX 7 PPM
NO 13q' PPM N02 5.6 PPM NOX 19.0 PPM tNOCNOIR) * N02(NDUV)J
NO .6 PPM N02 .0 PPM NOX @6 PPM t CHEMILUMINESCENCE 3
EMISSIONS INfEXi LB/1000 LB FUELI COR 7,7 CMX8 .16

CHEMILUMINESCENCE NOXe 060, NOIR 4 NDUV NOX8 2,82

CALCULATED FUEL/AIR RATIO FROM CNEMICAL ANALYSISI 109268
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIU 90.7793 S

CHECK ON F/A RATIO. FIA 0 069433 W/O 02, CALCULATED 02 * 10,26* X

SMOKE INDEXI 0,00
ALTIAN NOX 120 PP" .. /78

Figure 259. Final Prechamber Liner Modification "A" on Pressure

Atomizer Injection at Nonregenerative 10% Power.

450



T63 COMBUSTOR EXPERIMENTS - RIG D/U 56, TEST SERIES S6, READING s ee6
- t63 PRECHAMBER FINAL DESIGN, MOD NAP RUN 510, CYCLE ON PRESSURE NOZZLE
T4 TEST DATEI 7-1372 READIWN WAS TAKEN AT 142311 HOURS

CYCLE POINT 6 25 , POWER SETTING

o*** EXPERIMENTAL CONDITIONS *****
BURNER AIR FLOW 2,158 LI/SEC AVG BURNER INLET TEMP 353, DES F
AVG BURNER INLET PRES 54,6 PSIA AVG BURNER OUTLET TEMP 1165, DEG F
AVG BURNER DELTA P 628 n4G PRESSURE LOSS 5,64 v
OVERALL F/A RATIO .91230 (F/M) FUEL FLOW RATE 56O LI/HR
AIR LOAD FACTOR 1,1374 PATTERN FACTOR '19636
DOT MOT SPOTI 4 21 m 1375, DEG F MAX SOT I AVG SOT 161488
FUEL INLET TEMPERATURE 126, DEG F FUEL INLET PRESSURE 2395 PSIA
HEAT LOADING PARAMETER ,31134E.37 BTUIMOUP/ATM/CUSIC FOOT

.ao. BURNER OUTLET TEMPERATURE SURVEY ****
30 TEPP ID TEMP :0 TEMP ID TEMP I0 TEMP ID TEMP ID TEMP

ANNULUS 1 2 Ile?. 6 1142, 15 1326, 10 1216. 24 1336. 27 1352, 36 961.
ANNULUS 2 4 I145, 7 1273, 16. 1357, 21 1375, 25 1353. 34 1114, 37 128.
ANNULUS 3 5 1157. 14 1294, 17 1262. 22 1201, 26 1317, 35 956, 39 1354.

LEFT SOE .me AIR INLET TUBE CONDITIONS ccc RIGNT SIDE
TOTAL PRESSURE 53,98 PSA TOTAL PRESSURE 53,97 FIA
STATIC PRESSURE 53,65 PSIA STATIC PRESSURE 53,71 PSIA
VELOCITY DELTA P .66 "HS VELOCITY DELTA P 54 PHO
AIR TEMPERATURE 349, DEG F AIR TEMPERATURE 350, DEC F
AIR VELOCITY 129.66 FTiSEC AIR VELOCITY 117,61 FTStEC
DIFFERENTIAL PRESSURES 9CLEFT P-TOTAL)(RIGHT P-TOTAL)3 .go 1HG

AIR FLOW DATAI P-REF0 s63,0 PSIA DELTA Ps 2,23 NMG TvREFw W. DES F

FUEL SYSTEM DATA$
FUEL FIN FREQUENCY 353, MZ VOLUMETRIC FLOW RATE 15,43 SAL/HR
FUEL PRESSURE AT Fi/ 264,4 PSIA TUEL TEMP AT FIN .95 D96 F

*0 MI$CELLANPIP11P TRANIU'JER READINGS cc
MANIFOLD AVERitGE BURNER OUTLET TOTAL PRESSURE 5.,93 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 53,24 PSIA (XDUCER 0 It)
BUNNER DIFFERENTIAL TOTAL PRESSURE 6,20 OHS (XDUCER 4 14)

CHEMICAL ANALYSIS RESULTS c
GAS SANPLES TAKEN IN PLANE 01

CO 2,186 x 02 10405 x CO 116,1 PPM CNX at PPM
NO 16.3 PPM NO2 4's PPM NOX 23.1 PPM CNO(NOIR) 4 NOICNOUV)3
NO 96 PPM N02 j6 PPM NOX .6 PPM t CHEMiLUNINESCENCE 3
EMISSIONS INDEX, L911491 Ll FUELS COO 9.24 CMXt 003

CHEMILUMINESCENCE NOXI @me, NDIR * NOUV NOND 3.32

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS$ .11171
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS 990349 X

CHECK ON F/A RATIO* F/A 9 0310368 W/O Ols CALCULATED 01 0 17,i6 85

SMOKE INDEWX 0..o
SALTZMAN NOX , 24.0 PPM e L 3.14

Figure 260. Final Prechamber Liner Modification "A" on Pressure
Atomizer Injection at Nonregenerntive 25% Power.
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T63 COMBUSTOR EXPERIMENTS * RIG B/U 56, TEST SERIES 66t READING W 51@
T63 PRECHAMBER FINAL DESIGN, MOD RAN RUN STO, CYCLE ON PRESSURE NOZZLE
TEST DATES 7-13-72 READING WAS TAKEN AT 1442134 HOURS

CYCLE POINT 5 48 X POWER SETTING

aa*aa EXPERIMENTAL CONDITIONS a****
BURNER AIR FLOW 2,491 LB/SEC AVG BURNER INLET TEMP 396, DES F
AVG BURNER INLET PRES 63,1 PSIA AVG BURNER OUTET TEMP 1307a OES F
AVG BURNER DELTA P 7,41 "HG PRESSURE LOSS so76 I
OVERALL F/A RATIO s91312 (F/P) FUEL FLOO RATE 117.62 LB/HR
AIR LOAD FACTOR 1.1554 PATTERN FACTOR .22153
SOT HOT SPOTI 4 91 * 1568, DEG P MAX S0T1# AVG SOT 161549
FUEL INLET TEMPERATURE 133, DEG F FUEL INLET PRESSURE 269 . PSIA
NEAT LOADING PARAMETER ,31694E#M7 BTU/HOUR/ATM/CUBIC FOOT

S*** BURNER OUTLET TEMPERATURE SURVEY a...
ID TEMP IO TEMP I0 TEMP 10 TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 1221, 6 1216, 15 1464, 19 1384. 24 1431, 17 1441, 36 114Y,
ANNULUS 2 4 1264, 7 1352, 16 1457, 21 1566, 25 1462, 34 1680, 37 1160
ANNULUS 3 5 1265, 14 1437, 17 1397, 22 1367, 26 1441. 35 lidS, 39 1152.

LEFT SOE *** AIR INLET TUBE CONDITIONS **. RIGHT SID0
TOTAL PRESSURE 63.16 PSIA TOTAL PRESSURE 63,13 PIIA
STATIC PRESSURE 62.69 PSIA STATIC PRESSURE 62,78 PSIA
VELOCITY DELTA P .54 "MG VELOCITY DELTA P ,7s pHs
AIR TEMPERATURE 396, DEG F AIR TEMPERATURE 3960 DEG F
AIR VELOCITY 111,63 FTISEC AIR VELOCITY 13126$ FT/89C

DIPPRENTIAL PRESSUREI (CLEFT PaTOTAL)-(RIGHT P-TOTAL) 265 *HG

AIR FLOW DATAI P-REF. 103.3 PSA DELTA Pa 2,99 "HG ToREFO 167, 0ES F

FUEL SYSTEM OATAI
FUEL F/N FREQUENCY 434. HZ VOLUMETRIC PLOW RATE 1Ie6 GAL/HR
FUEL PRESSURE AT F/M 372,2 PSIA FUEL TEMP AT F&H 97. DIG P

M MISCELLANEOUS TRANSDUCER READINGS .
MANIFOLO AVERAGE BURNER OUTLET TOTAL PRESSURE 59,56 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 62,13 PITA CXDUCER 6 11)
IURNER DIFFERENTIAL TOTAL PRESSURE 7*44 4HG CXOUCER d 18)

a CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE #1

C02 2. 63 X 02 16,130 X CO 13502 PPM CNX .7 PPM
NO 24.6 PPM NOR 0.t PPM NOX 3e7 PPM tNOtNDIR) * NOR(CNDUV)1
NO .6 PPM NOR to PPM NOX o6 PPM t CHEMILUNINESCENCE I
EMISSIONS INDEX, LBII0 LB FUELS COp 16s16 CNXN too

CHEMILUMINESCENCE NOXP sell NOIR * NoUV NOIN 4,1

CALCULATED FUELtAIR RATIO FROM CHEMICAL ANALYSISS ,61919
CALCULATED CONSUSTION EFFICENCY FROM CHEMICAL ANALYSISS 990816 X

CHECK ON F/A RATIOm FA 4 0311673 W/O O. CALCULATEO 01 a 17.702 1

SOKE INDEX 0.00
SALTZMAN NON 0 39,7 PPM 0 aZ 4.3

Figure 261. Final Prechamber Liner Modification "All on Pressure
Atomizer Injection at Nonregenerative 40% Power.
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T63 COMBUSTOR EXPERIMENTS - RIG B/U 56v TEST SERIES 66, READING 0 lo2
T43 PRECHAMBER FINAL DESIGN, MOD "AN RUN STO. CYCLE ON PRESSURE NOZZLE
TEST DATEC 713%72 READING WAS TAKEN AT 15891 7 HOURS

CYCLE POINT 4 55 X POWER SETTING

**aaa EXPERIMENTAL CONDITIONS a....
BURNER AIR FLOW 2,813 LB/SEC AVG BURNER INLET TEMP 431, DIG P
AVG BURNER INLET PRE$ 71.4 PSA AVG BURNER OUTLET TEMP 1422, 096 F
AVG BURNER DELTA P 8.46 "HG PRESSURE LOSS 5.63 1
OVERALL F/A RATIO .1438 (FIN) FUEL FLOW RATE 145,2 LB/HR
AIR LOAD FACTOR 1.1761 PATTERN FACTOR .21595
BOT NOT SPOT$ 6 21 9 1636, DEG F MAX SOT I AVG SOT 101505
FUEL INLET TEMPERATURE 142. DEG F FUEL INLET PRESSURE 316.0 PSIA
NEAT LOADING PARAMETER *3479$E*07 BTU/HOUR/ATM/CUBIC FOOT

ID * BURNER OUTLET TEMPERATURE SURVEY **
ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 1312, 6 1326, 15 1518, 19 1566. 24 1551, 27 1591, 36 1127.
ANNULUS 2 4 1376. 7 1472. 16 1594. 21 1636, 25 1662. 34 1189. 37 li6,
ANNULUS 3 5 1376, 14 1569. 17 1556, 22 1536, 26 1595. 35 li.1. 39 1201,

LEFT SIDE *** AIR INLET TUBE CONDITION6 a'. RIGHT SIDE
TOTAL PRESSURE 71.35 PSIA TOTAL PRESSURE 71.41 PSIA
STATIC PRESSURE 76.69 PISA STATIC PRESSURE 71.01 PSIA
VELOCITY DELTA P .93 "NG VELOCITY DELTA P 82 PHR
AIR TEMPERATURE 431. DEG F AIR TEMPERATURE 431s DG F
AIR VELOCITY 146.56 PT/EC AIR VELOCITY 131.94 FTISEC
DIFFERENTIAL PRESSURES tCLEFT P-TOTAL)-(RIGHT P-TOTAL)) -si1 rNG

AIR FLOW DATAI P-REF, 162,7 PSIA DELTA Ps 305 "NG T-REF4 167, DES F

FUEL SYSTEM DATA;
FUEL F/N FREQUENCY 536, NZ VOLUMETRIC FLOW RATE 23.55 GAL/MR
FUEL PRESSURE AT FIN 439,7 PSIA FUEL TEMP AT F/N go, 0EG F

** MISCELLANEOUS TRANSDUCER READING$ 0'

MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 67,2 PISA
COMBUSTOR OUTER CASE STATIC PRESSURE 76.14 PSIA (XDUCER 6 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 642 IH CXOUCIR a 11)

a CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 41

* COl 2,426 x 02 17.766 2 CO 166e5 PPM CMX I1 PPM
NO 96.1 PPM NOR 1o.e PPM NOX 360 PPM |NOCNDIR) * NOl(NOUV)|
NO .6 PPM NOR .6 PPM NOX .6 PPM t CNMIMLUNINISCENCE 3
EMISSIONS INDEX# LBilll LB FUELI COO 11.35 CMXv 1t

CNEMILUMINESCENCE NOVO j6et NDIR * NDUV NOVO 4634

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS; 9611619
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS; 6696632 1

CHECK ON F/IA RATIO- F/A u *oi16$ W/O Ole CALCULATED 01 1 17,417 N

SMOE INDEX; 29C
SALTZNAN NOY v 4&4 PPM E*Z aC ,Z3

Figure 262. Final Prechamber Liner Modification "A" on Pressure
Atomizer Injection at Nonregenerative 55% Power.
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T63 COMBUSTOR EXPERIMENTS *RIG 8/U 56# TEST SERIES 601 READING 0 603
T63 PRECHAMBER FINAL DESIGN, MOD "A" RUN $TO, CYCLE ON PRESSURE NOZZLE

FTEST DATEI 7o13.72 READING WAS TAKEN AT 1534132 HOURS

CYCLE POINT 3 75 1 POWER SETTING

***EXPERIMENTAL CONDITIONS ..
BURNER AIR FLOW 2e973 LB/SEC AVG BURNER INLET TEMP 472. DIG F
AVG BURNER INLET PRES age4 PSIA AVG SURNER OUTLET TEMP 1616, DEG P
AVG BURNER DELTA P 9.26 ONG6 PRESSURE LOSS 5.66 x
OVERALL F/A RATIO .91677 VF/M) FUEL FLOW RATE 179.52 LU/HR
AIR LOAD FACTOR 1,1285 PATTERN FACTOR a24139
SOT MOT SPOT$ 0 21 *1591, DIG F MAX SOT / AVG SOT 111769

FUEL INLET TEMPERATURE 156. DEG F FUEL INLET PRESSURE 391.6 PIA e

...BURNER OUTLET TEMPERATURE SURVEY *a1
ID TEMP ID TEMP 1D TEMP ID TEMP 1D TEMP ID TEMP ID TEMP

ANNULUS 1 2 1472o 6 1466o 15 1711. 10 1675. 24 1824, 27 1793. 36 1269.
ANNULUS 2 4 1539o 7 1673. 16 1774v 21 1691. 25 1646, 34 1312. 37 1343.
ANNULUS 3 5 1525. 14 1166. 17 1717a 22 1837. 26 1539. 35 1346. 39 1464.

LEFT SIDE . AIR INLET TUBE CONDITIONS *.RIGHT SIDE
TOTAL PRESSURE 66.30 PSIA TOTAL PRESSURE $Dol6 PSIA
STATIC PRESSURE 79.77 PNIA STATIC PRESSURE 66el1 PSIA
VELOCITY DELTA P 1.687 'ONG VELOCITY DELTA P .56 ONG
AIR TEMPERATURE 471. DEG F AIR TEMPERATURE 471, DES F
AIR VELOCITY 145,32 PT/SEC AIR VELOCITY 134l96 FTISEC

DIFFERENTIAL PRESSURE1 CCLEFT PoTOTAL).(RIGHT P*TOTAL)) e,413 #me

AIR FLOW DATA: P.REFsIse 1211PSIA DELTA Pe 4.32 ONG Tonrs~ 166. DEC F

FUEL SYSTEM DATA:
FUEL F/H FREQUENCY 666. NZ VOLUMETRIC FLOW RATE Il.$6 SAL/HR
FUEL PRESSURE AT F/H 516.9 PSIA FUEL TEMP AT F/N lot* DIG F

COLSO UE AE TTCPESR 933PI EUE 1
14** MISCELLANEOUS TRANSDUCER PEADINS*

MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 7o.t5 P08IA
1UNRDIFFERENTIAL TOTAL PRESSURE 9o36 "MS, CNOUCER a ti)

aCHEMICAL ANALYSIS RESULTS
GAS SAMPLES TAKEN IN PLANE 01

coo 0 lea 03 17,366 1 cO 141.3 Ppm CMX .1 PPM
NO 26.5 PPM N02 10.3 PPM NON 46.1 PPM CNOCNOIR) * NOICNOUV)

NO .6 PPM NOB as PP" NON of PPM I CH9NILUNINSCENCE I
EMISSIONS INDEXp LB/l61l LB PUlL: CO. 16.63 CMx9 set

CHEMILUMINESCENCE NONU else NONR * NOUV NONa 4.63LCALCULATED FUEL/AIR RATIO FROP CHEMICAL ANALYSIS: 9118391
*CALCULATE0 COMBUSTION EFFICIENCY PROM CHEMICAL. ANALYSIS: 96.6613 I

CHECK ON F/A RATIO* P/A a 0613443 W/oOle1 CALCULATED 01 B 17.651 %

SMOKNE INDEX: 1.4

SALT ZMANNONON2.SP PN;M~

Figure 263. Final Prechamber Liner Modification "A" on Pressure
Atomizer Injection at Nonregenerative 75% Power.
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T83 COMBUSTOR EXPERIMENTS u RIG 9/U 50# TEST SERIES 66, READING 4 8Od
T63 PRECHAMBER FINAL DESIGN. MOO RAN RUN STO, CYCLE ON PRESSURE NOZZLE
TEST DATEI 791372 READING WAS TAKEN AT 1556143 HOURS

CYCLE POINT 2 163 1 POWER 3ETTINS

*0000 EXPERIMENTAL CONDITIONS "a'.
BURNER AIR FLOW 3,275 LBiSEC AVG BURNER INLET TEMP 522, DIG F
AVG BURNER INLET PRE$ 69.6 PSIA AVG BURNER OUTLET TEMP 1769, DIG F
AVG BURNER DELTA P 9so 'mG PRESSURE LOSS 5.21

OVERALL F/A RATIO ,61651* (F/") FUEL FLOW RATE 216.23 LWIHR
AIR LOAD FACTOR 1,1456 PATTERN FACTOR .31554
SOT NOT SPOTS 0 21 a 2162. DIG F MAX SOT I AVG SOT 192224

FUEL INLET TEMPERATURE 159, DIG F FUEL INLET PRESSURE 487,9 PSIA
MEAT LOADING PARAMETER ,41455E#87 BTU/IOUR/ATM/CUBIC FOOT

aa'a BURNER OUTLET TEMPERATURE SURVEY a...
1 I0 TEPP ID TEMP ID TEMP 10 TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 1566, 6 154, 15 1932 , 19 1657, 4 161, 37 1946, 36 134,
ANNULUS 2 4 1654, 7 169, 16 2659, I1 2162. 25 2876. 34 1393. 37 1416.

ANNULUS 3 5 28, 14 236, 17 116, 22 256, 6 2881, 35 1314, 39 167. s

LEFT SIDE *** AIR INLET TUBE CONDITIONS .** RIGHT SIDE
TOTAL PRESSURE 69,55 PIIA TOTAL PRESSURE $$,so PSIA
STATIC PRESSURE 8,1 PSA STATIC PRESSURE 6tel PiA
VELOCITY DELTA P '70 "MG VELOCITY DELTA P '04 OMS1
AIR TEMPERATURE 512. DES F AIR TEMPERATURE 6IR. DES F
AIR VELOCITY 121,33 FT/SEC AIR VELOCITY 132.11 FT/SEC

DIFFERENTIAL PRESSURES I(LEFT PwTOTAL)-(RIGHT PoTOTAL)3 sales OM$

AIR FLOW DATAI PaREF4 161.7 PSIA DELTA Pe 5.ll 'NG TeREF 116 DES P

FUEL SYSTEM DATA$
FUEL FiN FREQUENCY 614, MI VOLUMETRIC FLOW RATE 35,38 SAL/NR
FUEL PRESSURE AT F/P 551.2 PSIA FUEL TEMP AT Fi 163. DE F

'a MISCELLANEOUS TRANSDUCER READINit a.
MANIFML9 AVERAGE BURNER OUTLET TOTAL PRESSURE 04,01 PSIA
COMBUOTOR OUTER CASE STATIC PRESSURE 6o63 PSiA (XOUCER 4 11)
SURNER DIFFERENTIAL TOTAL PRESSURE led? *me cxOUCER a 11)

* CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 01

cOt 3.l64 O 1ss6i I CO 15#.7 PPM C1X so PPM
NO 46.6 PPM NOR 07 PPM NOX 56.5 PPM INOCNOIR) # NOE(NOUV)
NO so PPM NOB ,6 PPM NON to PPM f C14EMLUMNICENCE 3
EMISSIONS INDEX. L/1S1O LO FUELI C4 0.44 CMX' off

CHEMILUMINESCENCI NON$ .01, MOIR * NDUV NOXI 4&41

CALCULATED FUEL/AIR RATIO FROM CHENICAL ANALYSISI 4114101

CALCULATED COMIUITION EFFICIENCY FROM CHEMICAL ANALYSIS$ t!.7146 I
CHECK ON F/A NATION P/A 0 61436I NC 0O. CALCULATED 0s 6 11o01s I

SMOKE INDtIE #1.0
SALTMAN MO v Vj9 PP" M. 37

REMARKIg FIN, /A v 8, A 2 lew...'/JS.,vw 40.4 p.

Figure 264. Final Prechamber Liner Modification "A" on Pressure
Atomizer Injection at Nonregenerative 100% Power.
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TABLE LXXV. COMPARISON OF T63 NONREG' NERATIVE EMISSION/COMBUSTOR
PERFORMANCE OF (1) CONVENTIONAL T63-A-5A COMBUSTOR
LINER AND PRECHAMBER FINAL DESIGN COMBUSTION LINER
MODIFICATION "A" OPERATING ON (2) WALL FUEL FILM
INJECTION AND (3) CONVENTIONAL PRESSURE ATOMIZER INJECTION

I. Conventionnl Liner {'ve PX.i:t

A. Enlissions 3 2

H/C,(ppm) 10O.[ 37.0 15.8 4.1 0.7 0.C

NO, ,On-Line, NDIR & NDUVJ(ppm) 17.0 32.0 1.1 45.6 58. 1 i1.0

NOx ,(On-Line, CL) (ppm) 17.2 23.4 32.6 40.7 5b.3 80.6

No., (Saltzman) (ppm) 18.5 27.8 37.1 45.8 61.3 90.6

Smoke Number 3, 7. 1?. 17. 25. 30.

D. Pressure Loss (X) 4.63 4.51 .53 4.11 4.38 4. 14

C. Temp. Profile (TmrF'tx/Ta I.. I I1.1142 !.1210 11.113 1.104 1.

II. Prechamber Final Liner Mod. "A" TWaIlr Fue Film
A.Issions

cc, (ppm) 162.7 158.7 156.? 168.8 166.8

I/C, (ppm) 2.9 2.6 2.7 .8 2.3 x

NOx,(On-Line. NDIR & MJUV)(ppm) 19.1 25.0 29.3 39.1 49.9

NOx, (Saltzman) (ppm) 17.8 25.2 31.5 42.. -
Smoke Number 2.25 .90 .20 14.3 25.0 I

fB. Pressu.'o Lo~ (s 5.98 5.71 S.78 5.61 5.39C. Tvip.Prof l TI /T itvg) 1l.221 1.240 1.220 1.236 1.312

-l.- Prechambor Final Liner Mod. "A'

CO, (ppm) 83.1 11b.2 135.2 166. 181.3 18.7*

f/C, (p) .7 .2 .7 . .1 .1*
W,,(On-Llne, )IR & NDUV)(ppm) 19.0 213.1 32.7 38.7 46.1 SO.5

NO .(Saltamoa (ppm) 12.0 24.0 35.7 46.6 62.5 72.9

Smoke Number .00 .00. .00 2.95 11.2 11.0

S. Pressure Lose S)!5.86 5.64 5.76 5.63 5.66 S.21

C. temp. Profile (Tmx/T ) .133 1.141 1.154 1.150 1.170 1.222

*Not true Cycle Point 2. F/A was low due to high
temperature X0 hot spot$ (rapid rise in T ITsv).
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Due to a poor exhaust temperature profile, neither fuel mode of this
Prechamber liner could be operated at 100% power conditions. As
shown in Figure 265, hydrocarbon emissions remained below 3 ppm
at all conditions. Carbon monoxide emissions, Figure 266,
remained about the same as in the initial design under
pressure atomizer operation, but the wall film vaporizer injection
mode gave a significant reduction in total CO produced. Both fuel

r modes in Modification "A" were showing very similar emission levels
and characteristics.

Nitrogen oxide emissions were lower in Modification "A" than in the
initial design. As can be seen in Figure 267, there was essentially
no difference in NOx between the modes of fuel injection, and both
sets of Prechamber data were well below Conventional T63 NGx con-
centrations. Thc. ;.provement in the wall fuel film injection mode
can easily be seen in the CO vs NO emission tradeoff curves in
Figure 268. As seen in Figure 264, smoke/particulates at the
higher power operating conditions appeared to be lessened somewnat,
although the liner changes in Modification "A" did not change the
smoke generating characteristics of the combustor. From Figure 270,
the degradation in temperature profile is apparent for both fuel
injection modes. With the profile worsening dramatically at the
higher power levels, it was not possible to obtain any data at 100%
power conditions. The combustor skin temperatures for both fuel
modes are given in Figures 271 and 272.

Total emissions for the Prechamber Modification "A" combustor were
reduced below those of the initial design. Compared to the Conven-
tional T63 combustor, the pressure atomizer gave a 55% total reduc-
tion with no constituent increase, and the wall fuel film mode gave
a 52% total emission reduction; however, smoke remained above the
conventional combustor level. Extrapolations of emission concen-
trations at 100% power were made to permit the computation of total
duty-cycle emissions. Maximum power emissions accounted for only
5% of the cycle operating time; thus these extrapolations, if con-
servatively made, should not produce misleading total duty-cycle
results.

ModificatIon "f"

The "Prechamber Combustor Liner" was completely redesigned in Modfi-
cation "B". A new leaner vaporizer tube replaced the initial
vaporizer section. The airflow splits among the twirler, reaction-
zone holes, and dilution-zone holes were readjusted, and the 1.SO-tnch
cylindrical section which had been added downstream of the dilution
holes was remuved, This was not the "best". Prechamber version based
upon nonregenerative emissions and combustor performance, but it
was the Prechamber configuration tested at regenerative conditions,
ambient startup conditions, and paramtric conditions. The hoped-
for improvements in performance resulting f. ot the design changes
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from Modification "A" to Modification "B" did not materialize, but
the final series of required tests was conducted since there was
insufficient time for additional major design changes.

The rnnregenerative tetresults are gvnin Figures 273 through
277 for the Prechamber Modification "B" operating on wall fuel flm
injection and in Figures 278 through 284 for pressure atomizer
injection. Emission, pressure-loss, and exhaust-temperature pro-
file data are summarized in Table LXXVI. Prechamber pressure
losses remained 1% - 1.5% higher than the conventional T63 combustor.

I Of significance was the major increase in the hydrocarbon concentra-
tion when the combustor was operated on the wall fuel film. Concen-

low,-as is evidenced in Figure 285. Carbon monoxide increased
enough at low-power conditions to eliminate any chance of achieving
the 50% reduction in total emissions. As can be seen in Figure
286t CO at idle (10% power) was reduced by only one-third when the
Prechamber and Coiventional concentrations are compared. Modifica-
tion "B" produced an increase in NOx compared to the previous design
when operating on the pressure atomizer and showed no effective
change in NO when operated on the wall film. From Figure 287,It can
be seen that the total NOx levels produced by the preliminary "Pre-Combustor Liner" were not attained. The CO vs NOx emission

tradeoff in Figure 288 shows that the Modification "B" emissions are
lower than those produced by the Conventional combustor, but addi-

- tional reductions in wall fuel film-producod CO concentrations are
still required.

The success of Modification "B" in reducing smoke/particulates when
operating on the wall fuel film is apparent in Figure 289. For the
pressure atomizer fuel mode, however, the smoke increased to the
highest levels measured in a "Final Prechamber Combustor". The exhaust
temperature profiles in Figure 290 were also the highest of any of
the "Final Prechamber" configurations operating on either fuel injec-
tion mode.

Again,based on extrapolated emissions at 100% power so that total
duty-cycle emissions could be computed, the Modification "B" com-
bustor operating on pressure atomizer injection reduced total
emissions by 57% but produced four times as much soloke/particulates
as the conventional combustor over the duty cycle. When operating
on wall fuel film injection, Modification "B" coulC reduce the total
emissions by only 39%, the least of any Prechamber tested. The
great reductions in smoke gained by Prechamber Modification "B"
were more than offset by the large increases in hydrocarbons, whichexceeded the baseline levels by 35%.

Lean blowout data from idle were obtained for the Prechamber Modi-

fication '"B" liner. Under wall fuel film operation lean blowout
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T6' COnBUSTOR EXPLRIMENTS - RIG B./ 67t TEST SERIES 77# READING 4 663
T63 FINAL PRECHA MER, MOO "" RUN AT $TO T63 INLET ON FILM NOZZLE.
TEST DATEI e -6-72 READING kAS TAKEN AT 1748825 HOURS

CYCLE POINT I Is I POWER SETTING

EXPERIMENTAL CONDITIONS *** F
dURNER AIR FLO4 1.912 LB/SEC AVG BURNER INLET TEMP .31, DEG F
AVG GURNER INLET PkE$ 44,9 PSIA AVG BURNER OUTLET TEMP 1840, DEG F
AVG dUkNER VELTA P 5.47 "MG PRESSURE LOSS 300S X
OVERALL F/A RATIO .0196 (F/M) FUEL FLOW RATE 75943 LB/MR
AIN LOAD FACTOR 191731 PATTERN FACTOR .61874
SOT HOT SPOTI 6 16 z 1510, DEG F MAX BOT I AVG SOT 104411
FUEL INLET TEMP RAIIURE 85. DEG F FUEL INLET PRESSURE 41,3 PSIAHEAT LOADING PAhAMETER .29,947L*V7 STUMOURIATM/CUBIC FOOT

~*. BURNER OUTLET TEMPERATURE SURVEY ***
10 TEPP ID TEMP ID TEMP I TEMP I TEMP ID TEMP ID TEMP

A NNULUS 1 2 7P6, 6 152. 15 1354, 19 1265, 24 1965, 27 969. 36 1Sil,

ANNUL)S 2 4 8bg, 7 777. 16 1510. 21 905. 25 040, 34 1029, 37 13330
NNUTLUS 3 5 71 6 14 1321, 17 1474, 22 92. 26 z0o 35 997,39 899.

LEFT SIDE **AIR INLET TUBE COITIONS **RIGHT SIDE
STOTAL PRESSUPE 44,90 P$[A TOTAL PRESSURE 44,99 P31A

STATIC PRESSURE 44,6b PSIA STATIC PRESSURE 44.68 PSIA
VELOCITY DELTA P .50 "mG VELOCITY DELTA P 064 "HG
AIR TEMPERATONE 301, DEG F AIR TEMPERATURE 301, DEE F
AIN VELUCITY 119,39 FT/SEC AIR VELOCITY 135o77 FT/SEC
DIFFERENTIAL P*kSSURE: ((LEFT P-TOTAL)-(RIGMT P-TOTAL)3 m0193 pMs

AIR FLOW UATAI P-RtFs 105.4 PSIA DELTA P@ 1.84 "HG T,,REF* 61 DEG F

FUE L SYSTEM DATA:
FUEL F/m FREQUENCY 278, HZ VOLUMETRIC FLOW RATE 12.12 GAL/HR
FUEL PRESSURE AT F/H 235.2 PSIA FUEL TEMP AT F/M 65. OEG F

I** MSCELLANEOUS TRANSDUCER READINGS *

MANIFOLD AVERAGE MURNER OUTLET TOTAL PRESSURE 41.26 PSIA. COMRUSTOR OUTER CASE STATIC PRESSURE 44*11 PSIA CXOUCIR 4 11)
BURNER DIFFEkENTIAL TOTAL PRESSURE 5.37 "HG CXDUCER 4 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 41

C02 1.017 % 02 18B,9e0 % c 619.2 PPM CmX 140'6 PPM
NO 4,2 PPM NO2 6.1 PPM NOW 123 PPM IN0NIR) * NORCNDUV))
NO b65 PPM N02 6,5 PPm NOX 12.6 PPM C CMH[NLUMIN|C9NC1 3
EMISSIONS INDEX# LB/100S LB FUELI COv 55,23 CMma 19.66

CHEMILUMINESCENCE NOXt 1,76, NOIR * NOUV ROXe 109

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI 6109 6
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYIS1 I6.l646

CHECK ON F/A RAlIO= F/A a ,6692S1 W/O 02, CALCULATED O a 11s411 2

SMOKE INDEXI 010
SALTZMAN NOX 04 PM

Figure 273. Final Prechamber Liner Modification "B" on Wall Fuel

Injection at Nonregenerative 10% Power.
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763 COMBUSTOO EXPEkIMENTS - RIG B/U 67# TEST SERIES 771 READING N 884
T63 FINAL PRECHAMBER, MOD 35" RUN AT TO TO3 INLET ON FILM NOZZLE*
TEST DATEI 8 a8-72 READING hAS TAKEN AT 1616149 HMORS

CYCLE POINT 6 25 K POWER SETTING

.*.** EXPERIMENTAL CONDITIONS ***
BURNER AIR FLOW 2.89 Lb/SEC AVG BURNER INLET TEMP 354v DEG F
AVG BURNER INLET PRES 54,7 PSIA AVG BURNER OUTLET TEMP 1204, DIG F
AVG BURNER DELTA P 5,74 "mG PRESSURE LOSS 5.15 1
OVERALL F/A RATIO ,01200 (F/M) FUEL FLOW RATE 94,19 LBIHR
AIR LOAD FACTOR 1.1368 PATTERN FACTOR .50553
BUT HOT SPOT$ 0 17 a 1633. DEG F MAX OT / AVG SOT 1.357
FUEL INLET TEMPERATURE 88e DEG F FUEL INLET PRESSURE 50.9 PSIA
HEAT LOADING PARAMETER *30726E*07 BTU/HOUR/ATM/CUBIC FOOT

.. e. BURNER OUTLET TEMPERATURE SURVEY eo
ID TEMP Io TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 994. 6 970o 15 1483. 10 1436. 24 1237. 27 1641. 36 1471.
ANNULUS 2 4 1033, 7 998. 16 1026, 21 1047, 25 1039, 34 1234, 37 1543.
ANNULUS 3 5 906, 14 1451. 11 1633, 22 le31. 26 924. 35 1216, 39 099

LEFT SIDE o** AIR INLET TUBE CONDITIONS .o. RIGHT SIDE
TOTAL PRESSURE 54,64 PSIA TOTAL PRESSURE 54,76 PSIA
STATIC PRESSURE 54s50 PSIA STATIC PRESSURE 54,46 P$IA
VELOCITY DELTA P .26 "NG VELOCITY DELTA P '56 ON$
AIR TEMPERATURE 354, DEG F AIR TEMPERATURE 354, DE F
AIR VELOCITY 84,67 FTISEC AIR VELOCITY 119. 2 FTSEC
OIFFERENTIAL PRESSURES t(LEFT P-TOTAL)-[RIG6T PaTOTAL)2 -o234 01C

AIR FLOW DATAI P-REFs 104,6 PSIA DELTA Ps 2s13 WHO T-REF* 63o 0ES P

FUEL SYSTEM DATAI
-- FUEL FIN FREQUENCY 347o HZ VOLUMETRIC FLOW RATE 15.18 GALOMR

FUEL PRESSURE AT FIN 223.7 PSIA FUEL TEMP AT FIN $so DES F

M. MISCELLANEOUS TRANSDUCER READINGS .o
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 51.66 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 83o76 P8IA CEDUC9R 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 5.63 ON@ (XDUCER 0 13)

CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 41

C02 2.156 K 02 16e468 X CO 2lo PPM CMX 41, PPM
NQ 6,4 PPM NOI 6,9 PPM NOX 17.3 PPM tNOCNOIR) 4 4O3(NDUV)2
NO to.6 PPN NOR 7,8 PPN NOX 16,3 PPN I CHEMILUMINESC9NCE I
EMISSIONS INDEX, LI/1066 LO FUELS COI 331 CNX' got&

CHEMILUMINESCENCE NOX 1.45, 40I # NDUV NOX9 1,33

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS$. 081989
CALCULATED COMIUITION EFFICIENCY FROM CHEMICAL ANALY8ISI 96.7717 X

CHECK ON F/A RATIO- F/A a O19808 0/0 Ole CALCULATED 01 a t7.t76 K

SOKE INDEX 
, I.8 z
XSALTJAN • a9.(0 PPO

Figure 274. Final Prechamber Liner Modification "B" on Wall Fuel
Injection at Nonregenerative 25% Power.
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T63 COMBUSTOR EXPERIMENTS - RIG D/U 87, TEST SERIES 77, READING 0 665
T63 FINAL PRECAMBH MOO "18" RUN AT STO T63 INLET ON FILM NOZZLE,
TEST DATEI 8 -6-72 READING WAS TAKEN AT 143116 HOURS

CYCLE P'OINT 5 40 X POWER SETTING

8RNR AR FOW EXPERIMENTAL CONDITIONS ***o
BURNkR AIR FLOW 2023 LB/SEC AVG BURNER INLET TEMP 399. 0E6 F
AVG dURNER INLET PRLS 640 PSIA AVG BURNER OUTLET TEMP 1317. DES P
AVG BURNER DELTA P 7,73 "HG PRESSURE LOSS 5992 x
OVERALL F/A RATIU .01310 CF/0) FUEL FLOW RATE 116.99 LI/HR
AIR LOAD FACTOR 1.1531 PATTERN FACTOR o39836
NOT MUT SPOTI u 16 a 1689. "DEG F MAX SOT / AVG DOT 1.,78
FUEL INLET TEMPERATURE 9so DEG F FUEL INLET PRESSURE 6064 PSIA
HEAT LOADING PAkAMETER .3311BEW07 BTU/HOUR/ATH/CUBIC FOOT

**** OURNER OUTLET TEMPERATURE SURVEY ****
ID TEPP 10 TEMP ID TEMP 1O TEMP I0 TEMP 10 TEMP IC TEMP

ANNULUS 1 2 1181, 6 1133. 15 1528, 19 IlA, 24 1433, 27 1319, 36 1483,
ANNULUS 2 4 11f6. 7 1148. 16 1069. 21 5116. 25 1323. 34 1323. 37 1436.
ANNULUS 3 5 1041. 14 1444. 17 1611. 22 1164. 26 1245. 35 1363. 39 1161.

LEFT SIDE *. AIR INLET TUBE CONDITIONS 0.* RIGHT 1IDE

TOTAL PRESSURE 64.69 PSIA TOTAL PRESSURE 64.17 PISA
STATIC PRE3SURE A3166 PSIA STATIC PRESSURE 63.4 PISA
VELOCITY DELTA P .87 "MG VELOCITY DELTA P 47 WHO

AIR TEMPERATURE 599, DEG F AIR TEMPERATURE 399. DIG F
AIR VELOCITY 14@,37 FT/SEC AIR VELOCITY l1o FT/SEC
DIFFERENTIAL PRESSURE: (CLEFT P-IOTAL)-CRIGHT PmTOTAL)1 -.171 'SM

AIR FLUW DATIl P-REFv 103,7 PSIA DELTA Pe 2,93 "HG ToREF' MD. DES F

FUEL SYSTEM DATA$
FUEL P/ FREQUENCY 438, HZ VOLUOETRIC FLOk RATE 1ol7 SAL/MR
FUEL PRESSURE AT FIN 215,5 PSIA FUEL TEMP AT FIN se 01s F

*M MISCELLANEOUS TRANSDUCER READINGS &.
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESURE 60,33 PSIA
COPBUSTOR OUTER CASE STATIC PRESSURE .1.95 PISA CIOUCER a i1)

BURNER OFFERENTIAL TOTAL PRESSURE 7.6s *me (OUCER 0 13)

a C4EMICAL ANALYSIS RESIULTS a
GAS SAMPLES TA9EN IN PLANE *I

C02 2.411 2 Dl 179,99 x Cc 11s0 PPP CNN too PPM
NO 1416 PPM Njb 12,3 PPM NOE 171 p NOCHOZI) 0 O1C(NOUV)s
NO 16,6 PPM NOR 4, PPM NOX 17, PPM t CNIMILUImNaca"Ca I
EMISSIONS INDEX, L/1090 LB FUELI COD 9,53 CNMx .ll

CMENILUMINEISCENCE NOod 3.38t NOIR * NDUV NOo 3.e3

CALCULATED FLEL/AIR RATIO FROP CHEMICAL ANALYSISI ,911411
CALCULATED COMdeUTION EFFICIENCY FROM CHEMICAL ANALYSIS$ I0.66l1 I

CHECK ON F/A RATIOm P/A a .111541 W/O Ol. CALCULATED 0 6a 00446 1

SMOKE INDEX1 0.9%
SALTZMAN NOX:* ., PPM

oeeo~eee~e*ee......geeeeeoWlm..3W*Oe@USoe*S@*0*S*9*~oeoPO@*@Q

Figure 275. Final Prechamber Liner Modification "B" on Wall Fuel
Injection at Nonregenerative 40% Power,
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T63 COMdUSTOR EXPERIMENTS * RIG V/U 67# TEST SERIES 77o READING 0 8
T63 FINAL PRECHAMPER, MOO "5' RUN AT ST T63 INLET ON FILM NOZZLE.
TEST DATEI 8 -8-72 READING WAS TAKEN AT 1922122 HOURS

CYCLE POINT 4 55 1 POwER SETTING

EXPERIMENTAL CONOITIONS *****

BURNER AIR FLOW 2,710 LB/SEC AVG BURNER INLET TEP 436. 096 F
AV BURNNER INLET PRES 7q. PSIA AVG BURNER OUTLET TEMP 1444. OEG F
AVG dURNER DELTA P 8.34 "MG PRESSURE LOSS 5.7 I
OVERALL F/A RATIO ,P1480 (FtPI FUEL FLOW RATE 142.44 LS/NR
AIR LOAD FACTOR 1,1414 PATTERN FACTOR .41274

BOY HOT SPiJTI a 17 a 1863, DEG F MAX BbT I AVG DOT 1,3693
FUEL INLET TEMPERATURC 91. DEG F FUEL INLET PRESSURE 87.0 PSIA
NEAT LVADING PARAMETER 935493E.e7 BTU/HOLIR/ATM/CUSIC FOOT

sea. BURNER OUTLET TEMPERATURE SURVEY ,es*
ID TE:P 10 TEMP I0 TEMP I0 TEMP 10 TEMP I0 ?EPP 10 TENP

ANNULUS 1 2 1344, 6 1245. 15 1663. 19 1556. 24 ISi. a7 ,30 ISO,
ANNULUeS 2 4 1307. 7 1275. 15 1843. 21 126, 25 1436, 34 t544, 37 1612.
ANNULUS 3 5 1153. 14 1648. 17 1063. 22 12 2. 20 1356. 35 1475. 39 1170.

LEFT SIOE ace AIR INLET TUBE CONDITIONS ass RIE6Y IloE
TOTAL PRESSURE 7i.77 PSIA TOTAL PRESSURE 70.85 PItA

* STATIC PRES3URE 70,44 PSIA STATIC PRESSURE 79.55 PSIA
V- ¥ELOCITY D lTA p .67 'I VELOCITY OELTA*P 61 'NO
AIR TEMPERATURE 431, DEG F AIR TEMPERATURE 433. DE F

AIR VELOCITY 119,39 FTtSEC AIR VELOCITY 113.36 FT/SEC
O ERENTIAL PLESSUREt ((LEFT PsTOTAL)w(RIGNT PwTOTAL)J se11 am$

AIR FLOW DATA# PoREFs 1d3.4 PSIA DELTA P 3,30 rin TuREFp Sts DES PSFUIL SvSTtm CA TAS

FUEL POO FREQUENCY 525. Nz VOLUMITRIC FLOW RATE llol 6AL/mR

FUEL PRESSURE 't F/m 2673 PSIA FUEL T99P AT P/N SM Di. P

cc MISCCLLAMiOUs TRANSOUCIR REAcINs es
0ANIFOLO AVERAG9 SURNER OUTLET TOTAL PREISSURE 06.t OthA
COPIUSTOR OUTER CASE STATIC PRESSURE .6 PItA C]OUCER 0 It)
BURNER OIFFERENTtAL TOTAL PRESSURE 9o16 'M1 (tOUCER i s)-

* CNEMICAL ANALYSI RESULTS
GAS SANPL TAKEN IN PLANE 41

CO2 2,625 01 17.4Q, I CO 166s, PP N , 73 ,1 PN
0 183 ROPPN NOt &?, PPs Otx 35.s PPN fRO(NOIR) * NO3CNOUV))

NO 2ao PPM NOR 1e,3 PPM NOX 41*1 PPN t 0901LUNIN|UCENCE I
MISi1Ows INDEX, LS/t10i LO FUELIS CO S1.3o tNte . 014

CMEMLUNINECENCI NOXe 4.54d, NO * NtCV NO1e 3.01

CALCULATEO FUEL/AIR RATIO FROP CIPIMCAL AALYSISI .0133??
CALCULATED.CONUSTIZON EFFICtENCY PRON CSNHICAL ANAkVYSIS *3J0§ '1

CHECK ON F/A RAT'IOw F/A a 40111 W/O Ole CALCULAT1O O 0 o17. I3

SMOKE NE:01
SALTZMAN NOX *39-9 PP

Fiure 76. Finai Prechamber Liner Modification " on Wall Fuel

Injection at Nonregenerative 55 PoWr.
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T63 CONOUSToR EXPERNIMNTS - RI16 D/U 67p TEST SERIES ?7, READING 0 867
T63 FINAL PRECHAM R* MOD 084 RUN AT $TD 163 INLET ON FILM NOZZLge
TEST DATES 6 -89-72 READING WAS TAKEN AT 1949824 HOURS

CYCLE POINT 3 75 X POWER SETTING

EXPERIMENTAL CONDITIONS e.
BURNER AIR FLOIE 3,935 LB/SEC AVG BURNER INLET TEM4P 476. DES P
AVG *IJNNER INLET PRES 86,9 PSIA AVG BURNER OUTLET TEMP 1611. CIS F
AG AURNER DELTA 9,056 "No PRESSURIE LOSS $$$1 x
OVERALL F/A RATIO 0F1666 (F/p) FUEL PLOW RATE 161.35 L11/1411
ARLOAD FACTOR t41443 PATTERN FACTOR o3*644

BOT NOT SPOTt 4 17 a 2052, DEG F "AN sot I4 AVG sOT 1.2737
FEL INLET TEMPkRATURE 92. DES F FUE1L INLET PRESSURE 7965 P51*

ANNULUJS 2 4 1436, 7 1414. 16 2631. It1 W 10725 1664. 34 1716. 37 t144.

VELOCITY DELTA * 50 OlG VELOCITY 0ELTA P 1.15 thS
AIR TEMPERATURE 47g. DES F AI* TEPRATURE .40 PRO F
AIR VELOCITY !.76,y PT/SEC AIR VELOCITY 14966 PTISEC
DtFPERE1NTIAL PRESSURES t(LEFT P9TOTAL)*(RISMT P*TOTAL)) 0,13i #me

AIR FLOW CATAS PaRIeP 103,6 PSI& CILIA PO 4.8016 MS tokgPB 76g cis P

FUEL SYSTEM OATAS
FUEL Pim mREUENCY 671. ht VOLUPETRIC PLOW RATE lost$ MI"#W

*FUEL PRISsupt AT F;"M 105 PSI& FUEL TEMP At 0/N is* 016 P

*0 MILLANEOUS TRANSDUCER REACINSS *
MANIPOLD AVIRA61 NURNIR OUTLE-T TOTAL PRESSUR_ .7617 PS1*
COHSUSTO* OUTER CASE STATIC PRESSURE 7.5P1 EUE 1
001114 OPPE(RINTIAL TOTAL. PRESSURE 6.46 'MNS CROlJC9R 4 13)

*CHMEL ANALYSIS 4ESULTS
'GAS SA"Fkt U10E th PLAN #I

COS 2 953 of 02 $* I469 Ca 17S. 1PPM COX' set PPM
No 11.3 PPM uot 16.3 PPA NON O1N PP" CNot"@IR). * WOICUOuv)).
no 37.3 PPM Not 13.0 PPp 114% 69. PPM I C"1EUZLUNZWESCleNcE I
1010610111 1441110 LS/itsO Le FURLS Coo 16.U CNN. AS6

Cme"MLUMIWE"SCENCE NON* 5.140 ,I No N liege lsft

CALCULATES FUtL/AIR RATIO PROM ClEMI-CAL AWALYSISS0150
CiLCULATEO CONSUSTION EFFICIENCY Poop CHMICA16 ANALYSISS Wa.651 it

CHICO ON P/4 RA~TO. PA N.,014198'100 014 CALCULATES Of 10.07V11

sWOen tuilEs 3-26
SALVIMAN Paz* 5. PP*

Figur* 277. Final Psechamber Liner Modification on WOal Fuel
Injection at NowegenerativO 7SK Pomr.
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T63 cn"OUSTOo ExPFwIN[QTS .IG e/U 67# TEST SERIES 78, READING a M5,
T63 FINAL PRECHAMHER MOD OOP RUN MT0 163 INLET COND. ON PRESSURE NOZZLE
TEST DATES a '9-72 READING bAS TAKEN AT 1111126 HOURS

CYCLE POINT t to I POWER SETTING

.***. EXPERIMENTAL CONDITIONS **e
IURNER AIR FLOd 1.55 LBSOiC AVG BURNER INLET TEPP 331. DEG F

AVG OUNNE INLEI PRES 44,5 PSil AVG BURNER OUTLET TEMP 1302. Og F
AVG bUkNER DELTA P 3o17 *N* PRkSSURE LO'S 5,78 x
OVERALL P/A RATIO .OWP94 CF10) FUEL FLOb RATE 7393 LIHR
Ala LOAD FACTOR 1.1489 PATTERN FACTOR .34105
BOT NOT SPOTI 6 16 a 1321. OEG F "AN Not I AVG SOT 192436
FUFI. IftLfT TEMPERATURE 83. DEG F FUEL INLET PRESSURE 103.3 PIA
Nfn T LOADING PAkAWPTER o2259L*97 OTU/OUR/ATMICUBIC FOOT

*'*, BURNER OTLET TENPERATURE SURVEY ea*
In TE'P 10 TEMP 10 TEMP I0 TEMP 10 TENP 10 TEMP 1D TEMP

AWNULU0 I f 073. 6 VA. 15 133. 19 1147. 34 1100, 37 1147, 36 1178.
ANNILUS I A Q41. 7 932, 16 1321. 21 60. 25 1085. 34 1140. 37 117.
ANNULUS 3 5 830, 14 110o 17 1246. 33 556 36 085, 35 1077s 39 04.

Lif? SInE ***AIR ILkT TUSE CONDITIONS ... RI MlT SlE|
TOTAL PRESSURE 44.53 PSI& TOTAL PRESSURE 44.55 Pi5
STATIC PRE$SUNE 44,34 P5IA STATIC PRiSSURE 440S P5II
VELOCITY DELTA P .30 0NB VELOCITY DELTA P .4 anB
AIR TthPiRATURE S8l. MG F AIR TEMPERATURE 351. 036 .
AI VELOCITY 130.42 FT/SEC AIR VELOCITY 1t.14 PTiSEC
UIF,[RSNTIAL PaeSSuMES (CLEFt P-TOTA~l).tRIW1 P-tOTAbL) *.*3* 'MS

40l FLOUWITAR POQUFS 15.5 P511 DELTA Px tIM '4* T.Eps $a* Ot F

FUEL 4Y4T0 00It1
FUEL F/l FfEQUE.CY of$. N? VoLUMETRIC P1,O RAIl l1i* #Al/"*F UEL PRESSURE ATF/ 'P I od1#, P$il FOUIL Itop At ?IN O30 Ogg F

S, MISCELLANEOUS TRANSOU.C1R *NAOINOS -

0A'NIF01,O AvfraBt SURNE OUTLET TOTAL PRESSURE 48.05 Pi1A
COmBUlOR OUttE CASt. STATIC PRESSURE 43,0 PSilA (KOU9 .a 11)
oUtt OIfErateTiLt TOTAl. PRESSURE 1 4 'eI(IOU0I0 0 1)

a CEMICAL AIALTlSl iIULTi .
GAS SAMPLES TAKEN I PLANi 0

COt 2.034 0 10.464 2 cc 116.y pP CNN 1o.0 PPN
NO 4.3 PPM No3 $Is PPM Not 11. PPM NOCog01R) ! #O1(MOUV))
NO. !,3 PPM hot 3.6 PP NOt 1.0* PPn t CHI LUNINIi¢IWCI I
EMISSIONS 16015 LI/t110 4.I FUELS. CO 1d0l CNMI l.s

C1tMILUNINISCINC KOKO 1.55. MOt " NOU0 Not* 512

CALCULATEO PUELIAIR RATIO PIOP CH|MICAL AbALTl1ll *16#Os1

CALCULA1?O COMBUSTlON EFFICIENCY FROM COIWCAL ANALYSIS$ 0.406 1-
CHUNK ON FiA RATIO* PA 1 .also$# W/0 01 CALCULAl0 as a 146169 1

00o41 160113 67.13
SAM s MOE • 1 .3 PP

Figure 278. Final Preehamber Liner Modification "I" on Pressure Atomizer

Injection at iWnrelenerartiWv 10 Power.
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T63 CohdUaTOB EgUERie4ENTS RIG B/U 67. TEST SERIES 76. READING 0 see

DET ATES 6 w9w72 READIN6 WoAS TAKEN AT 1136314 14OUO

CyC~.t POINT 6 25 a PONCR SITTING

EXPERI"EkTAL CONDITbONS
OURNLN AIR FLOq 2.248 LB/SEc. AV6 SURNER INLET TEMP 355. DEE P
AVG bURNEW INLET Pkik3 54,6 PSIA AV6 BURN9R OUTLET TEMP 126t. DES FIAV6I OURNER DELTA P 6,37 wJG PRESURE LOSS 5.73 2
OVERALL F/A OATZIO 01211 (F/P) FUEL FLOW RATE 97.69 WS/NR

AIR LnAD FACTOR 1.1736 PATTERN FACTOR .32804
boT HeOT SPOTS a Ita 14790 DEG P NAN DOT / AVG gOT 1.2317
FUEL INLET TEMPEWAIURE 05. OtG F FUEL INLET PRESSURE @2307 PSIA
NEAT LOADING 04AftmTE *3196f.7 STLJ/NGUR/ATOICUSIC FOOT

*~ePUR4ER OUTLET TEMPERATURI. SURVEY 00
ID ytP0 10 TE"P I0 TINP 10 YitlP 10 TIPP ID p TEM 0 TEIPP

ANNULtUS 1 2 1134, 6 155, 15 1367, 19 1864. 24 1346. 17 110, 30 1316,
AWNN1LUS a 4 t16#9 7 $.063, 16 1476, 21 962. 15 1292, 34 1011. 37 1175.
AW&.ULIJS .3 5 940, 14 1277, 17 1433, It 1497, 16.111., 35 1903, 30 163.

LEFT Sint00 AIR INLET VU91 CoOlTIObS ... RISKY SIDE
TOTAL. PftssuoE 54,59 031A TOTA PRESSURE $4.06 PSI.A
STATIC osWEssu*E S4,34 PSIA STATIC PMESUR 54,43 PSI&£
VELOCITY DE16TA -P .44 01,6 VELOCITY DELTA P 034 44
&I* Tt"PERATO'd ~ 355a 016 P AIR 1EPPERATURE 355. 096 P
AlIR VELOCITY IPS.1l "TMSc Alp VELOCITY. 63.10 Pyt/SC
OIFFERWNIAi. POISSUP4 (CLEFT P.T1OTAL)%tRI6NT PaYOTAL)) Woolf 's

Atil PLO" OATAI P&RE's 15,0 061A DELTA Pm 1,41 9146 TS*CF§ of$ 096

PUEL SYSTEM OATAR

Putq. F/m FRft4uENCY 369. "1 VetuUE ic FLOW RAM( 15.3 SAL/WE
PUA PRESSUMI AT P/P i00.6 PS3A FUEL: TfoP AT P/MK 44,. M P

Jet PISCELLANEOUS TRANSOMCE R1ADIWIS to

copSusto OUill caSn static P018U01 M&.7 PSIA ct @NUE 10
fjiffeR OIFPEWE.4TIAI. TOTAL 0.01954E 60t 'Oft INDUCES 0 M

*Cb1IPICAL AlvALMSS NIU1LT4.
C~t 8.154 ~ SGS SAMPLES thRE1 its PLANE l1ot 14 P

Cal 1116 xP a~t .04 PPt cOc 1ies PPM cWon.IP .1, "m~DU)
No 10,3 PON NOt 'm PP #$as 16.3 PP I CH~I UM0NESCINCE I
emissions 140f'. LIM160 LO fUELS COO Yet0 CmX' *$I

ChtMILUNIRESCM1C k010 1.57, MOIR "OuW %cabI t".6

CMCUILATE FUELIRI RATIO F11OP C04PICAL AhALYSI8t 901#19
CALCULATID fONGSTION EFFICIENSCY PUO0 CW&WICAL ANAIJYSSIS *#*SeII

Cv"fC, ON-PI& RAtO- P/A a .91660 Ol 01 OCLCULATES 01 6 119854 1

SMOK NI44 100 1OP

Figire 1'79. Final Prachawer Liner Modification 05 on Pressr*u Atoolu' I
Inject ion at m1nzvwrt_*vv 259 Power.
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T63 COOSU37OIYOWNE1AENTS 016I blU 8?, TEST SERIES 76# READING 6 891
T63 FINAL PRECMNE 00 O 5W 370 5 T63 INLET CONO, ON PRESSURE NOZZLE
TEST DATE; 4 .9s72 REAPING 646 TAKEN AT 1218146 NOURS

CYCLE POINT 5 EPR4TLCODIN$***48 1 POWER $CTTING

6UkNER AIR FLO4 2.514 LOISEC AVG BURNER INLET Tamp 300, 0EE F
AVG BURNER IN.LET P4ES 63,2 PSIA AVG BURNER OUTLET Tamp 16. DEG F
Aft OUNINER DELTA P 7.26 Qjq6 PRESSURE LOSS 5.00 X
OVFQALL F/A RATIO .61314 CF/P) FUEL FLOW RATE 11907l LOIN*R
A IR LOAD FACTOR11630ISP.A6P PATTERN FACTOR 933001
80t k'OT SPOTI 6 to a 1609, DEG F MAX 001 1 AVG DOT 1.8301
FUEL INLET YE~hk1IR1 59, 0EG F FUtL INLET PRESSURE 150.4 PSIAf NEA1 LOACING PARAMETER *33612tE07 OftUOUN/ATA/CUSIC FOOT

BURNeER OUiTLET TEPERATURE SURIVEY
10 TEOP in T1MP 1o ?top 20 Tkop 10 TEmp Io. TEpp 10 TIPP

ANNIIL05J 1 2 1259, 6 1110, 15 1511. 19 1349, 1& 14504 27 111$* 36 14339
A'jeS2 .4 121s.. 7 1,163, IS MOe. It 1651. 25 1337. 34 1,344* 37 1543,

boocj~uS 3 5 ilea, 14 1376. 1,7 1554. If 10616 16' 1100. 35 1311. 39 1103t

LEFT 3101!.e AIR INLET TUB[ CONOITI~kS Ott RIGHT SIDE
TOTAL PRE43114E 63.14 PSI& TOTAL PRESSURE 63.16 PSIA
$?&fi PI RESSURE 62,73 Pat& STATIC PRE33UN t 626 PSI&
V10C11l1 1)(06A 63 4106 ViLOI1ty QELT P .66 ING
AIR 11"PRATQ~f 596, 0(6 F ATO TEPERATURE 390t 016 F
AIR VtLOCITY 1773 PT/SiC AIN VELOCITY 185,66 PTISEC
010FtktMTIAL PtUOF1 M1LET P.TOYAL).(RlGM!I PoTOTAL)) *,PSI# ONG

AIQ OL04 OAT&' R.R1F J44,4.PSIA DELTA Ps *#9 ONG I-*CFO ISO 0ES P

Fap&L STTE' OAT41
0 UteL 'Fix f~jkI.j1Cv 101 VOLUMEIRIC PLO"W l RAT 1017 $AL/HR
FUEL PutSItJSE AT F11- 404.7 MtI FUEL ?TEp AT PFii 46, F~

'a NSCLA1COU4 TRANBoutto 0110IM65 a
PAkIFOLII AVINAGE MUM"E OUMLT TOTAL 0ftt6UNI 30,64 PSIA
Coobusi1ik OuTtq CiSE STATC PoEssuRE .0 PSIA (iu~scan 0.11)
8044tROIFftR('TtAL TOTAL PR(SUPE 006 'soyurit .013

a~~~ INNTA $NLIs stSULTS
646 3400LIS TAKfII 1, PLA'uI 81

Col .55 js S. 10.h I*" CO 66.6 OP" Cox Is P"0
No Sit$ PPA No 0 sPPo box 291.PP0 t"40N104 Nr,(OJv)1
4o 34s3)V %011 So$ pop %as 46. Ppo$ t CwtuALUWIRV.scINCI
EeRI&SIONS .14DEN, L8/l064 LIN FUILI COS e,46 so# .6

-CuutW1LU01WE6C&#.C1 "Nw. 4.96 ol * NoU % OES 850* 4

CALCULATIO fUtLIAI:1 RATIO PROP CMEPICAL A"ALY$1SS 01#93
C&LCULATEO tOoluST10N EPPICUNCYj rloo CHEMICAL A%&LYSS ges611, 1

CNECA OR F/4 RAtIO. f,4 a 011219 W.O Of* CAVtULATIO Of 4 1P.641 I

4ALTZPAft wOy a 3F9PO

figure 280. Final Prochambr ,iner llod~fication "B" on Preosure
Atomizer Injfittion at Mkanagenrative 4#0% rower.



T63 CO'dUSTO.4 fxP Jf.?kTS H~IS It/U 67# TEST 3LRIES Yap READING 0 092
TA43 FINAL PRECHAMtkI. MOO 0ti' IUK 370 T63 INLET COND, ON PRESSURE NOZZLE
113T DATE$ A m9*72 READING hAS TAKEN AT 1309116 HOURnSI

bUi.NfiI AIR FLOW' 2.756 LtO/5EC AVU BURNER INLET TEMP 431, DEG P
AVG dIJRNEgi INLFT RkES Yt, P31A AV6 BURNER OUTLET TkNP 141?. DES P
AVG OURNEW DELTA P 7.93 NtiG PRESSURE Loss 5.31 1
O VERALL F/A 'kAT1U *kVl454 tFIP) FUEL FLOW RATE 144.31 LS/NR

* AIR LOAD FACTO.4 J. .96 PATT94k FACTOR *35173
boy OT SPril t a 11ob, DES F 9"AX DOT I AVG DOY 1.145?
FUEL I'4L~t Tf"PERA1umL 02, DtiG F FUEL 14LET PRESSURE 305.0 PSIA01EAT LOADING PAWAkETER w36J13.E#7 OTU/NOUPIh19*/CUSIC FOOT

ge.OuUN OUTLET lEkPE44TURI SURVEY c.
10 fEPP TO TEMP TO TIPP 10 'TIPP 1D TEMP 10 TEMP 1D TEOPANeNULUS 1 2 0~63, 4 1273, 1S 1664a 19 148te P4 1551. t7 139, 36 I511.

A 'kULUS 1 4 13. 66, 7 12'i8. t6 1765, P1 1143. 05 1446. 34 last, 3? 164?.
ANNULUJS 3 5 Md1. 14 1501. 17 1697, 12 1171, a, 1343. 35 1343. 30 1153,

L0 IOL0k . AIR MiLT TUBE CO*UITIONS too, RUNT sloE
TOTAL PISSURt 71.44 0SIA TO~TAL PRtSSURE 71,66 P8TA
11411L PO$31144 71,I1S PST& sTATic PRESSURE Potts PSA
ViLOCITY DELT .6'4 RIG VLCT 14011 &
AT* TE"PtRayuok 400 DIG F AtIr ItEPIRATURI 3, (
AIR* wELOC:Tv 115.09 FI/flc &A0 M(OeITv 150.30 PT/SEC

AN' fLOu CATAt 0-to 143,4 PSI& DELTA p' 3055 3 ONG IF 1004 a eOS F

putt. miStE OA&I
'utL F/0 F*(QU('ity $30, *1 VOL6-ITUMC FLOw NA~t 23.10 SAL/140
FvtL P.(S5uht At 0/ft $00 IA FUEL TIPP AT FIN It* Ott P

'"RSLLLAN&O4JS TRAkSOUCtO READING$ 0*
Im& fu k 0L Avl'44AIF SUVA-EsI OUTLET TOAL Onfasuait 67,64 051A
C001#04100 auTE CASE STATIC pRIstuot reels P83* (zoucto 0 it)
evoi~to 011"e~stiAll TOTAL Plefstu52 Y7* 004 (IDUCte * 5 3.)

GAS SA'.PLts TAKN tx PLANEI *I
cot 2,817 1 lit - 11,0 1 cc 11)0? PON C13 Pool
40 314f *Pi f is,# PP Net 061 PON I WPM) U NWoCINC(
No0 33. 01 %n'gt 10 OPP Not 343 OPM t~(O0 * w0t~u 1(w vv

E~~lS~l~~t.L fWOEX to*~d 40FEL C. 03a M.
Cw(U1Lh'tEtktC4 Nw*~ 4.60 Not.* 0wouv '.010 46

CALCULATED FI.(LII RATIO P001" CHEMICAL ANALYS 04142to
Cft.L1atIo CO NISTXO% tPIczE'.Ct PROPN CIMC&L ANALYSIS 009Y894 I

tKICPt od v/4 *Alto- P/& a .0131?3 WfO 01, CALCULATED 01' 0 16,011 2
* ss~in 3#.fl 31.4(p

Fitur- 281.. NIa Prwid~amr ?.iner f'bificttln "S On Pressur* Atomil:er
Injection at ?Wnregtnerstlve SS% Power. J



T63 CflMBUSTOR EXPENIMENTS - RIG V/U 67, TEST SERIES 78, READING 0 093
Tba FINAL PRECMAM8FR MOD N8 RUN STU T63 INLET COND, ON PRESSURE NOZZLE
TEST OATEI 8 *9-72 READING WAS TAKEN AT 133211 HOURS

CYCLE POINT 3 75 X POWER SETTING
EXPERIMEKTAL CONOITIChS

bUONER AIR FLO4 2,910 Lb/SEC AVG BURNER INLET TEMP 473, 0EG F
AVG BURNER INLET PWLS 80.4 PSIA AVG BURNER OUTLET TEMP 1583, DEG F
AVG BURNER DELTA P .78 '1G PRESSURE LOSS 5.3V X
OVERALL FIA RATAU ,1AS1 (F/0 FUEL FLOW RATE 170,09 LI/A
AIR LOAO FACTOR 1.1d96 PSTTERN FACTOR '32957
SOT hOT SPOTI * 16 a 1939. DEG F MAN SOT 1 AVG 8OT 1.1147
FUEL INLET TEMPERATURE g5, DEG F FUEL INLET PRFS$URE 377,6 PSIA
HEAT LOADING P49APLTER .39234EOS7 BTU/OURiATP/CUBIC FOOT

5a** BURNER OUTLET TEMPERATURE SURVEY a..-
I0 TEP TE TEP I TEMP ID TENP 10 TEMP I0 TEMP

ANNULUS 1 2 1532. $ 1429. 15 1796, 19 164t, 24 1793. 17 101, 36 1688.
ANNULUS I 4 1562, 7 143, 16 1939. 21 1296. 23 1604. 34 1661, 3? 16t3.
ANNULUS 3 5 1381. 14 1033. 1? 1693. it 1314. 16 1507. 35 153, 39 1304.

LEFT SlOE *. AIR I4LET TUBE CONDITIONS *** RIGNT SIDE
TOTAL PRESSURE 81.2, P:A TOTAL PRESSURE 66,45 P834
STATIC PRESSURE 71,59 Palk STATIC PRESSURE $l,13 P811
VELOCITY DELTA P 1,40 "MG VELOCITY OELTA P '44 ON5
A14 TEMPERATURE 473. DE6 F AIR TIPPIATORE, 473. cgs F
AIR VILQCITY 166,3 FT/SEC Ailk VELOCITY 03.14 FTISEC
DIFFENENTIAL PR$SUREI ((LEFT PoTOTAL)o(RIUNT P-TOTAL)) oo.351 *46

AI* FLOW 0ATAS P.4kF* 102,4 PSIA DELTA PS 4.61 ONG T*mFa to, 06 F

OAL SYSTIEM OAT&
FUEL P/F FRIOUIwCY #S4. PZ VOLUNITRIC FLOW RATE 2I.0 8 SL/t
FUEL OlESt"R! A0 f/0 6454 PI& FU*L TE"P AT p/N 96W 0I v

0# 1*ICILLANCOUS fItfsOUCEp EA01NG8. *
#A.hlPOVO AVOWASE 6kiNtE OUTLET TOTAL PREIIURE ?Sol# PSIA
COiUTOR OUTEI CASE STATIC PRESSURE 7!,00 PSIA mCioJ a 11)
IUNIR OIFFFIEINTIAL TOTAL PIESSURE I,$# 'ON (1OUCIR t 13)

* CHIRICAL A"ALYSIS RIIULTS *
GAS SAMPLES TAREN IN OP.ANI 01

COl 4.1#1 0 Io.f S 2 Co III,7 PPn CNI Ne Pp'
NO 40,4 PP hOP .ti PPp NOR S1t PPM (NOtNOIt) 0 ko@(mOuv))
MD 4.5 PPM 4 4's PP NOt 51*# PPN 9 CWEPILUPINEICINCI I
EMISSION* 14011s LO.10* LB FUELS COO less CHI* .0I

CMEMILUNINISCENC( Rle *,*so I10 * NOUV NO1 ses

CALCULATIO FE|L/AtR RATIO FROP CH1EICL ANALTIISI .l1ltl!
CALCO A1?E rO0NSlTIOf IFFt:IIkCT PoOP C..(ICAL ANALYtSIl 6l.7i!? a

CECE F/A 00AoTI P1 a .61960 0i Ot, CALCULATI0 Of a 1#,441 4

Olyl "Af Not 1 PpM

Figure 282. Final Prechamber Liner Modification "B" on Presure Atomiter
Injection at Aonregeneretive 75X Power.
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T6v3 COamUSTnR EYPtIMENTS R IG 8/U 67# TET SERIES 78, REAOING 0 b94
T63 FINAL PRECOA'ME M O "b" RUk STO T63 !NLET CONI, ON PRESURL NOZZLE
TEbT DAT 8 -9-72 READING WAS TANEN AT 1358122 HOURS

i CYCILE PaINT 2 100 1 POWER SETTING

EXPERIMENTAL Co?.DITIONS*'.
BURNER AIN FLOq A.242 LB/SEC AVG eURNER INLET TEMP $21, DEG F
AVG WURNER INLET ORES 92,3 PSIA AVG BURNER OUTLET TEMP 188?, DEGF

AVG dURNER OELTA P g85 "HG PRE.SSURE L33 5,24 X

OVERALL F/A RATIU .01955 '(F/i) FUEL FLOO RATE 228,44 LB/MR

AIR LOAD FACTOR 119Q6 PATTERN FACTOR 36711
80T HOT SPOT: h 16 a 2202, DEG F MAX bOT / AVG DOT t,2186
FUEL INLET TEMPEPATURE 96, IEG F FUEL INLET PRESSURE 556.3 PSIA
MEAT LOADING PAN&!4ETER *44088E+7 BTU/HOUR/A7M/CUB!C FOOT

,*** BURNER OUTLET TEMPERATURE 4URVFY***
TI TEMP ID TEMP TO TEMP ID TEMP 1D TEMP 10 TEMP ID TEMP

ANNJLUS 1 2 1730, 6 14L 15 2?41. 19 1972, 24 2151, 27 1828, 36 1811.
ANNULUS 2 4 1642, 7 1638. 16 2202. 21 1489, 25 1949- 34 1874. 37 197
ANNULUS 3 5 1497, 14 1894, 17 k163s 22 1546, 28 1782, 35 1759. 39 1469.

LEFT SIDE ***AIR INLET TU6E rONOITION$ *s RIGHT S1OE
TOTAL PRESSURE -92,30 PSIA TnTAL PRESSURE 92.37 PSIA
STATIC PRESSURE 92,15 PSIA STATIC PRESSURE 91,56 PSIA
VELfCITY DELTA P .30 1-G .VELOCITY DELTA P 1,55 AMC
AIR TEMPERATURE 521, DEG F .'AIR TEPERATURE 521, DEG F
AIR VE OCITY .73 FTSEC AlP VELOCZyY 172,4Z FT/SEC

OIFFERkNTIAL FRE5UREI ((LEFT P-OTk e(r4 H P-TOTAL)) -.145 "HG

AIR FLUK DATA: P.e Fs 142,4 PSIA DE0T Ps 4,99 "HG T-REFI 8g, DES F

FUEL SYSTEM OATAI -- I
FUEL F/M FREqUeNCY 4 0o -MZ VOLUMETRIC FLOW RATE 36,92 GAI/HR
FUEL PRESSURE AT F/. 631.1 P31A FUEL TEMP AT F/M 97, DEG F

MISCElLANEOUS TRANSDUCER READINGS **

MANTFOLD AVERAGE BURNER UTLET TOTAL PRE6SURE 87.50 PSIA
COM5USTOR OUTER CAtE STATIC PRESSURE 98.33 PSIA (XDUCER # 11)
BUkNE4 OIFFERENTIaL TOTAL PRESSURE 9,16 "HG CXDUCER 0 13)

* CHEMICAL ANALYSIS RESULTS *

GAS 8AMPLES TAKEN IN PLANE 1.

C02 3,8e7 x 02 14,700 CC 114,3 PPM CHX .5 PPM
NO 68,9 PPM N02 13,3 PPM NOX 82'1 PPM m.oNPIR) 4 NeeDCNDUV.
NO 70,2 PPM N02 a1 PPM NO 7.2 PPM ( CMEMILUVESINCE

Em;S1ION3 4lUEYO Lbt /10 LS FUELI COn 5"76 COX. 84
C 4EhLJMINESCENCE NOXs 5.610 NOIR . NUUV NOES 6. [

CALCULATED FU!L/AIR RATIO FROP CHEmiCAL ANALYSZ$I ,lipa11
CALLVL4(EO COML3TION LFFICIENCY FROM C4MICAL ANALYSIS1 90.63105-

CHECK ON F/A xATIO- F/A U ,019309 W/O 02. CALCULATED O m 156.5 X

SMOKE INDEX: b2O8
SALTZMAN NOX S PPM

Figure 283. Final Prechamber Liner Modification "B" on Pressure Atomizp
Injection at Nonregenerative 100% Power.
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T63 COMBUSTOR EXPERIMENTS - RIG b/U 67, TEST SERIES ?Sp READING 4 897
T63 FINAL PRECPAMtR MO:) " " RUN STO T63 INLET C0NO, ON PRESSURE NOZZLE
TEST DATE: F -N-72 READING hAS 1KEN AT 1452: 9 HOURS

CYCLE POINT 7 0 2 POWER SETTING

w***' EXPERIMENTAL CONDITIONS a....
bURNE AIR FL(Th 1.823 LB/SEC AVG BURNER INLET TEhMP 296, DEG F
AV6 bURNEk INLET PhkS 43.0 PSIA AVG BURNER OUTLET TEMP 466. DEG F
AVG BURNER DELTA P 4.63 "04G PRESSURE LOSS 5.19
OVERALL F/A RATIO .Pa215 (F/p) FUEL FLOh RATE 14,12 LB/MR
AIR LUAD FACTOW 1.1427 PATTERK FACTOR *26137
801 NOT SPOT: q 16 1 435. DEG F MAX bOT / AVG SOT 1.1879
FUEL INLET TEMPFNATURt go. DEG F FUEL INLET PRESSURE 42.0 PSIA
HEAT LOADING PANAMiTER .57441E#06 STU/.UR/ATM/CUBIC FOOT

a... UONER OUTLET 1EmPEPATURE SURVEY a...
i0 TEt'P 10 TEMP ID TEMP ID TEMP 10 TEMP ID TEMP ID TEMP

ANN1JLUS 1 2 3Q6, i6 395. 15 128, 19 404, 24 425, 27 426, 36 423,
ANNULUS P 4 igI.- 7 49. 16 435. P1 3 3* 25 414. 34 495. 37 466,
ANNULUS 3 5 37b, A 47, 17 429, 22 395. 26 393, 35 486. 39 383.

LEFT SIOt .. AIR INLET TUBE CONDITIONS *.* RIGHT SIDE
TOTAL PRESSURE 43.83 PSIA TOTAL PRESSURE 43,87 PSIA
STATIC PRESSURE .43,58 PSIA STATIC PRESSURE 43.66 PSIA
VELnCITY DELTA P .51 "HG VELOCITY DELTA P .,43 HG
AIR TEMPERATJRE -296. DEG F AIR TEMPERATURE 296o DEG F
AIR VELOCITY 121.19 FT/SEC AIR VELOCITY 112,2 FT/SEC
DIFFERENTIAL PRtSSURE1 ((LEFT P-TOTAL)-tRIGHT PTOTAL)1 *,55 ONG

AIR FLOW DATA: P-REF1 105.5 PSIA DELTA Ps 1.52 OHG T-REF' 90. DEG F

FUEL SYSTEM OATA:
FUEL F/M FREQUENCY 47, 1Z vOLUMETRIC FLOW RATE 2.27 GAL/MR
FUEL PRESSURE AT FiH 307,4 PSIA FUEL TEMP AT F/h 96. DEG F

Ma MISCELLANEOUS TRANSDUCER READINGS I
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRF8SURE 41,56 PSIA
COMBUSTOR GJTER CASE STATIC PRESSURE 42,26 PSIA (XDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 4,59 "HG CXDUCER 4 13)

3MOKE INDEXI X
SALTZMAN NOX vX PPM

Figure 284. Final Prechamber Liner Modification "B" on Pressure
Atomizer Injection at Nonregenerative Lean
Blow Out.
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|I!1 t
TABLE LXXVI. COMPARISON OF T63 NONREGENERATIVE EMISSIOK/COMMSTOR

PERoRMANCE FOR (1) CONVENTIONAL LINER, (2) FINALPRECHAMBER MODIFICATION "B" LINER OPERATING ON WALLFUEL FILM, AM (3) FINAL PRECHAMBER MODIFICATION "B"
LINER OPERATING ON PRESSURE ATOMIZER

I. Conventional Liner Cycle Point

A. Emissions 1 6 5 4 3 2
CO, (ppm) 93 6S2 496 383 214 75
H/C, (ppm) 100 37 15.8 4.1 0.7 0.6
NO (On-Line, NIR & 4DUV) (ppm) 17.0 32.0 41.1 45.5 58.0 81.0

NO x, (On-Line, CL)(ppm) 17.2 23.4 32.6 40.7 56.3 80.6
mx , (Sltzman)(ppm) 18.5 27.8 37.6 45.9 61.3 90.6

Smoke Number 3. 7. 12. 17. 25. 30.
B. Pressure Loss (%) 4.63 4.51 4.53 4.441 4.38 4.14
C. Temp. Profile (Tma /Tvg 1.115 1.142 1.120 1.113 1.104 1.065

mx avg112 111 1.0 1061
II. Final Prechamber, Mod. "B" - Wall Fi

A. Emissions

CO, (ppm) 619.2 289.6 127.5 166.8 175.0

H/C, (ppm) 140.( 40.0 9.8 7.2 2.

NO (On-Line, NIR & NDUV)(ppm) 12.i 17.3 27.1 35.S 51.
NO, . (On-Line, CL) (Ppm) 12.( 18.3 27.5 41.1 52.9

NOx, (Saltzman) (ppm) 10.L 19.6 30.3 39.9 55. 9 4
Smoke Number 0.1( 1.82 0.96 0.11 3.26 <

B. Pressure Loss (%) 5.9 5.15 5.92 5.79 5.81

C. Temp. Profile (Tmax/Tavg) 1.44] 1.357 1.277 1.290 1.274

III. Final Prechamber, Mod. "B" - Pressure

A. Emissions Atomizer

CO. (ppm) 156. 97.2 86.8 123.7 152.7 114.3

H/C,(pPm) 13.0 2.4 .8 .2 .6 .5
NO ,(On-Line, MDIR & NDUV)(ppm) 11.7 19.6 29.4 42.2 62.1 82.1

NO ,(On-Line, CL) (ppm) 10.8 19.3 40.2 34.3 51.9 70.2
NOx,(Saltzman) (ppm) 16.3 21.7 31.9 51.3 65.3 -

8moic Number 7.13 14.11 18.66 31.46 52.70 62.08
B. Pressure Loss ( ) 5.70 5.73 5.66 5.38 5.32 5.24
C. Temp. Profile (Tmax/T ) 1.244 1.232 1.230 1.246 1.225 1.219

mxavg)
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Figure 285. Nonregenerative T63-A-SA Combustor
Hydrocarbon Emission Data Comparison for
Extended-Length, Prechamber Final Design,
Modification "B" Combustor and T63 Baseline
Combustors.

4&80



-AMI- ------ 1-

f 0 Conventional Liner

1000 -(--3 Extended-Length Liner -
[ Prechamber Mod. "B" Liner

:::00 Wall Fuel Film

4(00

)0 0 - - - - - - . - -

300

100

0

400 1 03 05 o7 09 0
Pecet ut_2Hrspoe

1008



130 - . -~ - - z
120-

110 0 Conventional LinerI

E3 Extended-Length Liner-
04 1rsur00oie
04 Prechamber Mod. "B" Liner

'Wall Fuel Film4

'-I_ 90PesreAoie

70

60~

30K 
-

20

10 ---- --

0 10 20 30 4U 50 60 70 80 90 100
Perccnt Output flor3(epuoer

Figure 287. Nonregenerative T63-A-SA Combustor
Nitrogen Oxides Emission Data Comparison for

-' Extended-Length, Prechamber Final Design,
Modification "B" Combustor and T63 Baseline
Combustors.
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Design. Modification "8" Combustor and T63 Baseline
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occurred at a fuel-air ratio of 0.0086. Under pressure atomizer
operation the test was terminated when the fuel-air ratio dropped
below 0.06215. Skin temperature profiles for the Modification "B"
combustor are plotted in Figures 291 and 292 for the two fuel
modes.

Since this was the last "Final Prechamber Combustor" tested on a pres-
sure atomizer fuel syster., the emission results for this fuel Injec-
tion mode can be summarized. Shown in Table LXXVII are the com-
puted emission index values for all three pressure atomizing "Final
Prechamber Combustor Liners". It is evident that the "best" overall
configuration was Modification "A",which provided a 55 reduction
in total emissions with no increase in any individual constituent.

The Final Prechamber Modification "B" combustor was tested in both
fuel injection modes at regenerative T63 operating conditions. The
test results for both fuel modes are shown in Figures 293 through
306. The combustor was unable to sustain combustion at the
regenerative idle fuel/air ratio when operating on the wall fuel
film mode. The lowest ratio that would support combustion was
0.0089 fuel/air. In order to obtain the idle fuel/air ratio, the
pressure atomizer nozzle, because of its extremely low lean blowout
capability, was operated as pilot, With the pilot burning., the. wall
film system was able to extend its operation to the regenerative
idle conditions.

Combustor emission index values for a regenerative T63 engine
operating over the LOH duty cycle are given in Table LXXVIII forI
the Final Prechamber Modification "B" combustor liner and the non-
regenerative and regenerative combustor liners operating at regenera-
tive conditions. Relative regenerative engine emissions are listed
in Tble LXXIX. Ccmpared to the nonregenerative T63 liner, the
Final Prechawbor Modification "5" combustor-produced 31% fewer total
emissions when operated in the wall file mode, and 44% fewer mass
emissions on the pressure atomizer. Each Prechamber mode, however,
greatly exceeded the baseline in the magnitude of one constituent
emission. The wall fuel film mode produced nearly six times the
baseline hydrocarbons, and the pressure atomizer mode produced over
eleven i es as much smake/particulates,

For the ambient temperature and pressure startup tent on the Pre-
chamber Modification *B" combustora special electrical spark
igniter was inserted into the combustor liner through the torch
Igniter hole. This Igniter position was 0.7 inch downstream of
the reaction-xone holiss. The burner test conditions wo.re:
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TABLE L XXVII. EMISSION INDEX SUMMARY FOR T63 BASELINE ADFINAL PRECHAMBER COMBUSTORP

Particu- Total
Combustor Tested y Co lates Emissions

rMISSION INDEX (lb/1000 lb fuel)

* Baseline .5S44 26.094 S.068 .239 32.945

* Final Preehamber-
Pressure Atomizer

Initial Design .039 10.608 4.611 .128 15.386

Modification "A" .025 10.292 4.300 .086 14.703

Modification "B" .180 8.41S 4.762 .902 14.259

RELATIVE EMISSION :NDEX CK)

" Baselirw 100 100 100 100 100

' final Prechamr-
Pressure Atomizer

Initial Design 2 41 91 54 47

Modification "A" 2 39 8s 36 4S

Modification "S" 12 32 9. 377 43

W89



T53 COPIOUS106f 0kf1.tNrS - It kJu 67v TEST SERIES 79# REAOIkS 0 seeTt F~INAL P t*CAktR Mfltwbm lIL' hE ENktA1IVk TtJ INLET CONOMTIN6
hTS DATE: 0Ait'7 2  READING NAS TAXEN AT 1318117 HOURS

CYCLE POINT I It I POWER SETTIN6

E'.' ' 4A EKTAL CONDITIONS ,.
bUN~tW AIA FLU& .7~ F/E AV& SLIRNfN IN.LET TEPsP 66?. DEG PAVG bUIONEi. INLIk? PkES 43.9 PSIA AVU bURNEII OUTLET TEMP 1240. 096 FAVG bVRKekW VELTA P 1,3 161-G PREMAUE LOSS 7.00OVERALL P/A WAITO .904bg (F/ip) FULL FLOk RATE 56.01 LB/mftaLn fAt) FACTPQ 357~5 PhTtR FACTCR 936338* DOT ltOl bPC'1: 0 1&~ a 1446, D P MAk boy I AVG DOT .17* UtL INLk7 YkiPthNAIL.Of IA6. LJiG F FUEL INLET PRESSURE 38.0 PSIAPEAT LUADING FPEE4' 13492t~r? b! /IQCiu~jATW/CU8IC FOOT

Mt.. NEW OUTLET TENPERATURE SURVEY 0~10) TH In IEIP ('TO $I TEMP ID EMP 10 TEt IP 10 TEMPbhftUL1b 1 2 17. t- 1145o lb WS,6 19 1331. 24 13106, 2? 1139, 36 1313sANNO~LUS 2 4 11$Fl. 7 1147, 16 1448, 21 1136, 25 1259. 34 1221. 37 13?AIhIJLi!S 3 S 1144 14 14,07, 17 1d17, 22 1141, 26 11, 35 1161, 39 1101,

LEFT SIDE set AIR INk ruSE CvhD)TIokS ev. RIGOT SIDETVTAL PWSSC a.1 , dk6 P314 TO~TAL PRES~uRE 43,93 PI1*blATJ( v'uLs$ow IA-1051 ~SA STATIC PRLSS3'Rt 43,6# Psi&VELOCITY D.I TA 11 .7?' 'G vILITY DELTA 0 .0 WAll 1E'pItmA14Jtq* 647. otz f AIR~ IEopPERTURI 66?. DES fA&k VELOCIlt' 17.33 P1#8IC AI' VELOCITY 112,40 pTSIC

&IN OLU% 01141 1.t 1AA*6 PSI& nttys Pe 1.45 atiG T011116 00. Of$ P

tUIL P$'tSjj~ A? tl 9*3,3 PSI& 9IptL lt#40~ At FIN &?o 096 Fp

v'h'US61 4ti C Apt #14TIC PWL$&Vwi d247f PSIA (uoucto a 11),6U't',&Ut UI' ft1*f41IA 14'1&L PRESSURE 4,66 *Its (IOuCip a 1.)

*C'1"ICAL ANAILYSIS OISuLIS
A5 58PLFS TA1!f* Ik PLAE 01Loa 1.721 1 S-k te4- I cc 0, Pon~ Coo .31' on%is 0"30110 L? 1,6 POP 4O.4 1,9 PPR tUictNOIR) * 110tNUv)

*4 4,7 PP-l '~t 6 pp kv! to 3 P01- I CMNILUift.SC. I10MI094N I%UFV, L.U/1940 16 fUELS C09 ?d.01 C141tv 5.30CltpLLPN I E SCE. 41 h~olm 9 11oo R 101 ficuv IQ~ 1t41

CALCULATM F a'I451 FQO0 CP4fv1CAL 5 A Is .059
CE"CA a'. VIA kstlq 0/4 P *604 h/fl 01, CALC'.LAT0 02 18,500 1

$A0tZxA4 NOX 0 ~ P

'~~"~ 1,~ fc~y~Ic
4(i Liner W4 6154Fi

Figure 293. FlanaL Prchambernr Modification ""o alFl
Injection at Rern~rative 10% Power, High F/A.
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T61 COM4USTOR kXP KIMEETS - RIG 6/U 6. TEST SERIES 79, REAOING 0 899
763 FINAL PWtCHAM h.R M0O"8" RUN REGENERATIVE T63 INLET CONDITIONS

* TEST DATER 8-10-72 READING WAS TAKEN AT 1349:25 HOURS

CYCLE POINT I 1fX POWER SETTING

EXPERIMEKTAL CONDITIONS e,
.URN.R AIR FLOW 1,772 L8/SEC AVG BURNER INLET TEMP 668a DEG F
AVG 61JRNER INLET PkES 44,0 PSIA AVG BURNER OUTLET TEMP 1243, DEG F
AVG 6UHNER DELTA P 6,8 "HG PRtSSURE L03 7.46
OVERALL F/A RATID OA885 (F/P) FUEL FLON RATE 56.44 LB/HR
AIR LUAO FACTOR 1,3541 PATTERN FACTOR .29156
BOT HOT SPOi1 a 16 * 1411. DEG F MAX BOT / AVG SOT 1.1348
FUEL INLET TEMPERATURE 90, DEG F FUEL INLET PRESSURE 178 3 PSIA
HEAT LOADING PARAMETER .22914E+e7 BTU/HOUR/ATPICUBIC FOOT

***, URNER OUTLET TEMPERATURE SURVEY **,
IU TeMP 10 TEMP I TEMP I TEMP ID TEMP 10 TEMP 10 TEMP

AN.NUILUS 1 2 1161, 6 1129, 15 1377. 19 1293, 24 1378, 27 1271. 36 1312,
ANNULUS 2 4 1200. 7 1142. 16 1d11, 21 1146. 25 1296. 34 1267, 37 1317,
ANNULUS 3 5 1084, 14 12l, 17 1395, 22 1148. 25 1281, 35 1284, 39 1089,

LEFT SIOE a** AIR INLET TUBE CONDITIONS .a. RIGhT SIDE
TOTAL PRESSURE 4.3,93 PSIA TOTAL PRESSURE 43,g7 PSIA
STATIC PRESSURE 43,55 PSIA STATIC PRESSURE 43,47 PSIA
VELOCITY UE.TA P '78 "HG VELOCITY DELTA P 1,03 "MG
AIR TEMPERATURE 688. DEG F AIR 1EPPERATURE 668, DEG F
AIR VELOCITY 185,08 FT/SEC AIR VELOCITY 212,28 FT/SEC
DIFFERENTIAL PRESSURE: ((LEFT P-TOTAL)-(RIGHT P-TOTAL)] -.,86 ONG

AIR FLOW DATA: P-REFx 105,6 PSIA DELTA Ps 1.45 "HG TaREF4 97, OEG F

FUEL SYSTEM OATAI
FUEL F/H FREQUENCY Ra9 HZ VOLUMETRIC FLOW RATE 9,19 GAL/HR
FUEL PRESSURE AT FIM 340,7 PSIA FUEL TEMP AT F/H 90, DEG F

** MISCELLA4EOUS TRANSDUCER READINGS **
MANIFOLD AVERAGE BRNER OUTLET TCTAL PRESSURE 40,67 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 42,56 PSIA (XDUCER 0 11)
BURNEA DIFFERENTIAL TOTAL PRESSURE 6,83 "hG (XDUCER a 13)

' CHEMICAL ANALYSIS RESULTS
GAS SAMPLES TAKEN IN PLANE 41

C02 1.817 02 '7,64R I CO 96,2 PPM CMX 's PPM
NO 19,7 PPM Nn2 48 PPM NOX 24.5 PPM CNO(NOIR) + N02(NDUV))
NO 21.1 RPM N02 .5 POM NOX 21.6 PPM C CHEMILUMINESCENCE 3
EMISSIONS !NDEX, L/100 Ld FUELk COv 10.82 CMX9 115

CmEMILUMINESCENCE NOX9 3,91, NOIR + NDUV NOX@ 4,44

CALCULATED FUEL/AIR RATIO FROP CHEMICAL ANALYSIS: @009124
CALCULATED COMBUSTION EFFICIENLY FROM CHEMICAL ANALYSIS1 99.7174 2

CHECK ON F/A RATIO. F/A a 008753 W/O 02, CALCULATED 02 18a462 X

SMOKE INDEX: 2I'
SALTZMAN NOX a PPM

,CdlF/A

Figure 294. Final Prechamber Liner Modification "B" on Pressure
Atomizer Injection at Regenerative 10% Power, High F/A.
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T63 CuMdUSTOR EXEPILENTS - RIG R/U 67p TEST SERIES 79t READING 6 990
T63 FINAL PRECMA"IdEN O)"O' RUN REGENERATIVE T63 INLET CONDITIONS
TEST *ATEI 8-l1-72 AEADING hAS TAKEN AT 1407138 HOURS

CYCLL FOINT 1 10 1 POWER SETTING

**P** EXPEQ*MEKTAL CONOITIONS ***b*
OURNLR AIR FLOO 1,766 Lh/SkC AVG bUJRtER INLET TEMP 668. OEG F
AVG UINE'R INLFT PRtS 43.6 PSIA AVG BURNER OUTLET TEMP 1188. DEG FAVG U'jR9ER DELTA P 6.86 mG PRESSURE LOSS 7.73 X
OVERALL F/A RATIO pi794 (F0) FUEL FLON RATE 8.77 LB/HRAIR LOAO FACTOR 1.3607 PATTLRN FACTOR .27494
6OT "Or SPOT: 4 16 a 1330, nEG F MAX 80T / AVG SOT 11199
FUEL INLET TEMPtRATUR 91, DEG F FtL IkLET PRESSURE 156,2 PSIA
HEAT LOADING PAHAetTER .20782E*87 tkT/HGUR/AT"/CUBIC FOOT

**** BURNER OUTLET TEMPERATURE SURVEY *a
In TEPP 10 TEAP ID TEMP ID TEPP 10 TEMP 10 TEMP 10 TEMP

ANkULUS 1 2 1113. 5 1185. !5 128 . 19 1282. 24 1309, 27 1243, 36 1254.
ANNULUS 2 4 1149. 7 1490. 16 1310. 21 1146. 25 1241. 34 1183, 37 1255.
ANNJLUS 3 5 105. 14 1185. 17 1325. 22 111*. 26 1150, 35 1146. 39 1047,

LEFT SIDE ** AIR INLET TUBE CONOITIONS a.' RIvNT SIDE
TOTAL 0 SS1.E 43,53 PSIA TpT6L PqFSSUPE 43,65 SIA
STATIC PkESSURE 4.20 PSIA STAIIC PRESSURE 43.32 PSIA
VELOCI1Y UtLTA P .68 "-G VELOCITY DELTA P .67 0MG
AIR TEmPERATORE 668. DEG F AIA 1EMPERATURE 668. DEG F
AIR VELOCITY 172.96 FT/SEC AIR VELOCITY 171.71 FT/SECDIFFERENTIAL PqESSURE: ((LEFT P-TOTAL)-(RIGHT P-TOTAL)) s.228 "H

AIR FLUO UATA: P-NLFu 145.3 PSIA DELTA Ps 1.45 RMG T*REF8 98. DEG F

FUEL SYSTEM DATA3
FUEL F/M FREQUEN.CY 1861 11Z VOLLJMETRIC FLOW RATE 8,19 GAL/MR

* FUEL PNESSURE AT F/M 12.b PSIA FUEL TEMP AT F/M g, DEG F

M. MISCELLANEOUS TRPASDUCER READINGS a.
MANIFOLD AVERAGE BURNER CUTLET TOTAL PRESSURE 48.22 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 42,42 PSIA (XDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSLRE 8,74 "NO CXDUCER 0 13)

a CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 61

C02 1.625 X 02 17,700 % CO 15o.8 PPM CNX 2,2 PPMNO 14,1 PPM N02 5. PPM NOX 197 PPM ENO(NDIR) # N)2(NDUV)
NO 16.1 PPM N02 3.5 PPM NOX 19.6 PPM ( CHEMILUMINESCENCE I
EMISSIONS INDEX, LB/1000 LB FUELI COn 18.40 CMX *42

CHEMILUMINESCENCE NOX@ 3.93# NOIR * NOUV NOX0 3.95

CALCULATED FlitL/AIR RATIO F.%O# CHtMICAL ANALYSIS$ .1080a
CALCULATED COMOUSTION EFFICIENCY FROM CHEMICAL ANALYBISS 99.5136 X

CHELK ON F/A RATIO- F/A * 007879 W/O 02, CALCULATED 02 * 14.724 S

SMOKE INOEXI /3
5ALTZMAN NOX PPM

Figure 295. Final Prechamber Liner Modification "B" on Pressure
Atomizer Injection at Regenerative 10% Power.

492



-6 FINAL P Cu*hUER "COON" RUN hEGENLRATIVE T63 INLET CONOITIONS

STEt'T 04TO R-I,47 READINS iAS TAKEN AT 143531 HOURS

CYCLF POINT I 1 % POWER SEITING
Le ,w,*, XPERJMENTAL COtWATIONS ,

E5UkNk AIR FLO.4 1.72 LS/StC #v(, I1,RNE INLET TLMP 66?, DEG F
AVG 8UW1iE.4 INLE) PwES 43,5 PSIA AVG bUPNER OULTLET TEMP 1148, DEG F
AVG BURNER !ELT4 P .13,7 "whr PRESSURE LOSS 7.76 X
OVERALL F/A A V1k .. (Ft/) F'Lue FLOP RATE 5.71 LB/MR
AIIW LOAD FACTCR~ 1.1A PA71ERN tACTOR *2710P60.T H6e SPO)T: R it a 1279. DI-G F PAX bOT / AVG BOT l11S FUEL INLE1 TEMP 'AFURE 91, DLU F FULL INLE.T PRESSURE 57,3 PSIA

HEAT LUA I41 PAkAMEtkk .20823fE#7 VTU/HMOIjW/ATM/CU8IC FOOT

**,* tURNE1 OuTLET TEMPERATURE SURVEY ****
ID 1EF. I TEMP In TEMP 1t TEPP I0 TEMP ID TEMP ID.TEMP

SANhIULIUs 1 2 1 gl. A 101. 15 1245, IV 114. 24 1213. 27 1151. 36 1272.ANNULUS 2 4 1113. 7 1093, 16 1279, 21 l040, 25 1150, 34 1167, 37 1236._ ANNIJLUS 3 6 1ql2. 14 1216. 17 1264. 22 1048. 26 1S3. 35 1138. 39 1063,

LEF1 SIDE ** AIR INLET TUBE CONDITIONS R*. RIGHT SIDE
01tAL tE'xss1'E 13.41 P5iA TOTAL PRtSSURE 43.51 PSIASTATIC PRESSu1'i 4;?.8 051A STATICPRESSURE 43.20 PSIA' VELOCITY I LT A "9 "VL T EL "G VELUCITY DELTA P .3 "MGAlm TEMPER*TLRk 667. DEG F AIR TEPEIrATUrE 657, DEG F

AIR VELOCITY 197.4 F1/SfC AIk VELUCITY 166,19 FT/SEC
DIFFLREtIIAL P tSSipE: (LEFT P-TOTAL)-(RIGWT P-TOTAL)] -. 19A "HG

AIR FLUw I)ATAI F-m- Pa 25.3 PSIA DELTA P. 1,44 "HG T*REFx 98. DEG F

FUEL SYSTEm DATA:
FUEL F/M FN EWUNCy too, HZ vOLUkETHIC FLOw RATE 0,19 GAL/HR

_ FUEL PKESSURE AT F/P 304.1 PSIA FUEL TEMP AT F/M 92. DEG F

** PISCELLANtGUS TRAN$DUCkh kEADINGS .*
MANIFOL} AVERAGE LRNEk OUTLfT TCTAL PRESSURE 40,08 PSIA
COMRUSTOR OUTEk CASt STATIC PRESSURE 42.06 PSIA (XDUCER 6 11)
"URNER DIFFEREWIZAL TOTAL PRESSURE 6.77 "MG (XDUCER 4 13)

* CHEMICAL ANALYSIS 0ESULT8 *
GAS SAMPLES TAXEN IN PLANE #1

C02 1,530 X 02 17,700 X CO 407,1 PPM CHX. 140,0 PPMNO 4,9 PPM Nop 2,4 PPM NOX 7,3 PPM CNO(.NOIR) # N02(NDUV))
NO 2.b PPM NOP 1,9 PPM NOX 4,4 PPM I CHEMILUMINESCENCE I
EMISSIONS I'NOEX LH/10L0 L6 FUELI COB 4S,82 CMXv 28.86

CMEMILUFINESCECE NOXV *89, NUIR t NDUV NOXs 1,46

CALCULATED Fl,/AIR RATIO FROM CHEMICAL ANALYSII .S*773b
CALCULATED COMRUSl1ItN EFFICIENCY FROM CHEMICAL ANALYSISI 95,9246

CHECK ON F/4 RATIO- F/A 0 , *7738 W/o 02. CALCULATE6"02 a 14,40 X

SMOKE INDEXI X
SALTZMAN NOX a PPM

REMARKS:ff3 /01/.,.

Figure 296. Final Preehamber Liner Modiflcation 'B'T on Wat Film
w Injection at Regenerative 10% Power.

493



T63 COP6LSTOR EXPEWWr.TS - RIG P/U 67, TEST SERIES 79. READING a 902
T63 FINAL PREChAMBER MO"B" RUN REGENERATIVE T63 INLET CONDITIONS
TEST bATt B-IF-72 READING WAS TAKEN AT 156056 HOURS

CYCLE POINT 6 93 1 POWER SETTING

EXPERTMENTAL CONDITIOS
8UPE0 AIR FLC4 2,073 LE/SEC AVG bURNER INLET TEMP 702, DES F
AVG bUhNtE INLET PRES 51.4 PSIA AVG BURNER OUTLET TEMP 1272, DEG F
AVG bUkNER DELTA P 6,43 "HG POESSURE LOSS 6.96 2
OVeRALL F/A RATIO .00874 (F?'/) FULL FLOb RATE 65,21 Lb/NR
AIR LOAD FACTUR 1.3748 PATTERN FACTOR *35044
OUT NOT SOT: * lb a 1A72, DEG' F MAX BOT / AVG SOT 1.1571
FUEL INLET T~hPERA1URE 150. DEG F FULL INLET PRESSURE 49.0 PSIA
NEAT LOADING PAPA'ETTM 22651E.P7 BTU/H0VR/ATh/CUBIC FOOT

**.. OURNER OUTLET TEMPERAIURE SURVEY .***

ID TEPP 10 TEMP ID TEMP 1O IEPP ID TEMP I TEMP 1D TEMP
ANNULIUS 1 2 12k6, 6 1174, 15 Id4e, 19 1341, 24 1349, 27 128', 36 1356,
ANNULUS 2 4 1211. 7 1192, 1t6 l72. 1 1165. 25 1271. 34 1256, 37 1338,
ANNIJLUS 3 5 1119. 14 1396, 17 1441, 22 1169, 26 1197. 35 1226. 39 1131.

LEFT SIDE *** AIR INLET TUPE CONDITIONS e* RIGHT SIDE

TOTAL PRESStORE 51.33 PSIA TOTAL PRESSURE 51,43 PSIA
STATIC PRESSURE 51.04 PSIA STAIIC PRESSURE 50,99 PSIA

VELOCITY DELTA F .59 "G VELOCITY DELTA P e "G
AIR TEMPERATURE 702, DEG F AIR TEMPERATURE 702, DEG F
AIR VELOCITY 15,39 FT/SEC AIR VELOCITY 183,87 FT/SEC
OIFFERENTIAL PRESSURE: ((LEFT P-1OTAL)-CRIGHT P-TOTAL)3 -16 ONG

AIR FLOOUA TAI P-REF8 105.0 PSIA DELTA P5 2.00 OHG T-REF4 98, DEG F

FUEL SYSTEM UATAI
FUEL F/M FREQUENCY 242. HZ VOLUMETRIC FLOW RATE 10,54 GAL/MR
FUEL PRESSURE Al F/M 291.d PSIA FUEL TEMP AT F/H 94, DEG F

M. MISCELLANEOUS TRANSDUCER READINGS 
VANIFOLU AVERAGE BURNER OUTLET TCTAL PHF5SURE 47,20 PSIA
COMHUSTOR OUTER CASE STATIC PRESSURE 50,17 PSIA CXOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 8,33 "NG CXOUCER 4 13)

CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

C02 1.673 K 02 17.500 x CO 166.6 PPM CNX 34,0 PPM
NO 3,4 PPM S02 1,6 PPM NOX 5,0 PPM CNO(NDIR) * NO2CNDUV)1
NO 3.0 PPM N0,2 .G PPM NOX 3.8 PPM t CHEOILUNINESCENCE 3
EMISOIONS INUEYP LO/1R9F LB FUEL: CO8 16*1 CHXl 5097

CHEMILUMINESCENCE NOXx .67, NDIR * NDUV NOXs .92

CALCULATED FUEL/AIR RATIO FROP ChEPICAL ANALYSISI 806622
-. CALCULATED COM4BUSTION EFFICIENCY FROM CHEMICAL ANALYSIS1 988737 X

CHECK ON F/A RATIO- F/A s ,008150 0/0 02a CALCULATED 02 s 16.659 X

SMOKE INDEXI 2
SALTZMAN NOX uPPM

REMARKS1 FL/si I o',/e.
Figure 297. Final Prechamber Liner Modification "B" on Wall Film

Injection at Regenerative 25% Power.
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T63 CO USTOR EXPkIMENTS RIG O/U 67# TEST SERIES 79, READING 0 993
T63 FINAL PREC#HM tR 400"B" RUN kEGENERATIVE T63 INLET CONDITIONS
TEST DATES 8-10-72 READING WAS TAKEN AT 1518137 HOURS

CYCLE POINT 6 25 2 POWER SETTING

EXPERIMENTAL CONDITIONS ooe
BURNER AIR FLOUW 2.56 LB/SEC AVG BURNER INLET TEMP 71, DES F
AVG BURNEH INLET PRES 51,6 P57A AVG BURNER OUTLET TEMP 1279, DEG F
AVG BURNER DEL(A P 8.37 "HG PRESSURE LOSS 7,97 x
OVERALL F/A RATIO 00884 (F/M) FUEL FLOW RATE 6545 LB/MR
AIR LOAO FACTOR 1,3572 PATTERN FACTOR '31087
SOT OT SPOT: 0 16 a 1459. DEG F MAX BOT / AVG BOT 1,1494
FUEL INLET TEMPERATURE 95. DEG F FUEL INLET PRESSURE 190,9 PSIA
MEAT LOAUING PARAMETER *22627E07 BTU/HOUR/ATM/CUSIC FOOT

'** BURNER OUTLET TEMPERATURE SURVEY eeoo
ID TEMP ID TeMP ID TEMP ID TEMP ID TEMP IO TEMP ID TEMP

ANNULUS 1 2 1197. 6 1156, 15 1402. 19 1334, 24 1406a 27 136. 36 1385.
ANNULUS 2 4 1234. 7 1168. 16 1459. 21 1175, 25 1318. 34 1267. 37 1388,
ANNULII8 3 5 1129, 14 1266. 17 1426. 22 1188. 26 1237. 35 1247, 39 1172,

LEFT SIDE ,oo AIR INLET TUBE CONDITIONS oso RIGHT SIDE
TOTAL PRESSURE 51,57 PSIA TOTAL PRESSURE 51,67 PSA2
STATIC PRESSURE 51.19 PSIA STATiC PRESSURE 51e26 P31A
VELOCITY DELTA P "77 "HG VELOCITY DELTA P 863 "MG
AIR TEMPERATURE 701, OEG F AIR TEMPERATURE 761, DES F
AIR VELOCITY 171.43 FT/SEC AIR VELOCITY 177.51 FT/SEC
DIFFERENTIAL PRESSURES [(LEFT P-TOTAL)-CRIGHT P-TOTAL)) '.*195 VMG

AIR FLOW OATAI P-REF8 104,8 P31A DELTA Pa 1.97 "MG TPREF' 98e DEG F

FUEL SYSTEM DATA!
FUEL F/M FREQUENCY 243. HZ VOLUMETRIC FLOW RATE 11,58 GAL/MR
FUEL PRESSURE AT F/H 313,9 P8IA FUEL TEMP AT F/M 9 DEG F

* MISCELLANEOUS TRANSDUCER READINGS 
**

MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 47,56 PSIA

COMOUSTOR OUTER CASE STATIC PRESSURE 56,26 PSIA (XDUCER 4 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 826 0MG (XDUCER 0 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 0I

CO 1,703 X 02 17,400 X CO 62,0 PPM CHX 's PPM
NO 24,6 PPM NO 4. PPM NOX 28,6 PPM tNOCNOIR) * NO2(NOUV)2
NO 22.6 PPM N02 08 PPM NOX 22,6 PPM ( CHEMILUMINESCENCE I
EMISSIONS INDEXp LB/1004 L8 FUELI CON 6,64 CMX@ .15

CHEMILUMINESCENCE NOX§ 4.69p NDIR * NOUV NOXU 5.19

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS: 6119493
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS# 99,6035 X

CHECK ON F/A RATIOe F/A a 018622 W/O 02. CALCULATED 02 8 16.490 X

SMOKE INDEX: 3.o4
SALTZHAN NOX v 30.6 PPM

REMARKS: .frwestc- l)

Figure 298. Final Prechamber Liner Modification "B" on Pressure
Atomizer Injection at Regenerative 25% Power.
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I

TS.3 COMBUSTO EXPgRIMENTS R RIG BtU d7t TEST StRIES 79# READING 4 964
T63 FINAL PRECKAM8tR M0006" RUN REGENERArIVE T63 INLET CONDITIONS
rEST OATt: 8-10-12 READING NAS TAKEN AT 16171 3 HOURS

CYCLE POINT 5 40 Z POWER SETTING

.**** ~XPERIMENTAL CONDITIONS a****
1JRNER AIR FLUA 2,442 LB/SEC AVG BURNER INLET TEMP 97. DEG F

AVG BURNER INLET .PRE 39,2 PSIA AVG BURNER OUTLET TEMP 1326s DEG F
AVG OUNNER DELTA F 9,95 "PG PRESSURE LOSS 6,25 %
OVERALL F/A RATIO .00948 (F/P) FUEL FLOW RATE 83,31 LB/HR
AIR LOAD FACTOR 1,4102 PATTERN FACTOR .15894
BOT HUT SPOT: 18 1523, DEG F MAX 00T/ AVG B0T 1.1473

* FUEL 9NLET TDEWATURE 97. DEG F FUEL INLET PRESSURE 298,3 PSIA
HEAT LUAfING PARAMETER .25131E1107 BTU/MOUR/ATM/CUBIC FOOT

**** BURNER OUTLET TEMPERATUR- SURVEY ***

ID TEMP 10 TEMP ID TEMP IOD TEMP 'ID TEMP IO TEMP ID TEMP
ANNULUS 1 2 1246, 6 1209, 15 1474, 19 1401e R4 145., 27 1365. 36 1410,
ANNULUS 2 4 1283. 7 1232. 16 1523, 21 1209, 95 1357. 34 1309. 37 142.2,ANNULUS 3 5 1170, 14 1350. 17 1504. 22 1226. 26 1289,-35 1965, 39 1169.

LEFT SIDE **A AIR INLET TUBE CONDITIONS .** RIGHT SIDE
TOTAL PRESSURE 59.17 PSIA TOTAL PRESSURE 59,26 PSIA

STATIC PRESSURE 58.73 PSi STATIC PRESSURE 56.69 PSIA
VELOCITY DELTA P .90 "hG VELUCITY DELTA P 1,37 "MG

AIR TEMPERATURE 71A, DEG F AIR TEMPERATURE 716, DIG F1 AIR VELOCITY 173,80 FT/SEC AIR VELOCITY 214.64 FT/S C
DIFFERENTIAL P4ESSURES ((LEFT P-TOTAL?-PIGHT P-TOTAL)l -@219 "MG

AIR FLOW DATAI P-ReFs 104,1 PSIA DELTA Ps 2.0 "NG T*REF@ 96. DEG F

FUEL SYSTEM OATAIFUEL F,. FREQUENCY 30. PZ VCLUMEYRIC FLOW RATE 13,40 GLHR
* FUEL PRESSURE AT F/M 361.8 PSIA FUEL TEMP AT F/M 97, DEG F

ISCELLANEOUS TRANSDUCER READINGS. $
PANIFGLD AVERAGE OURNER OUTLET TOTAL PRESSURE 54,33 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 57.13 PSIA CXDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE ,84 ONG (EDUCER 4 13)

O CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

C02 1,889 % 02 19.266 1 CO 461 PPM CMX .6 PPM
NO 20.1 PPM N02 4,4 PPM NOX 32.5 PPM tNO(NDIR) 0 NOI(NOUV)2
NO 17.3 PPM N (,2 .6 PPM NOX 17.3 PPM t CHEMILUMINESCENCE 3
EMISSIONS INnEX, Lbt100f LB FUELS CON 4,96 CHXw .19

CHEMIL(IMINESCENCt NOX§ 2993# NOIR 4 NOUV NOXN 5.51

CALCULATEO FUEL/AIR RATIO FROM LHEMICAL ANALYSIS$ .60678
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 0,8479 X

CHEC( ON F/A RATIO- FIA a .09672 W/10 02. CALCULATED O 0 16300 1

SMOKE INDEX: 2 J
SALTZMANOX 35 PPM

RMARK3:1~ y.,

Figure 299. Final Prechamber Liner Modification "B" on Pressure
Atomizer Injection at Regenerative 40% Power.
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T63 COMOUSTI)N EXP 1MENT- RIG P/U 67, TEST SERIES ?of READING 0 995

* T63 FINAL PRECHMBER MOO"B" RUN REGENERATIVE T63 INLET CONDITIONS

TEST nATE: 8-19-72 READING %AS TAKEN AT 1641119 HOURS

CYCLE POINT -5 40 X POWER SETTING

t*00* EXPERIMENTAL CONDITIONS w****

OURNER AIR FLOW 2,448 LO/SEC AVG BURNER INLET TEMP 715* DEG F

AVG OURNER INLET PRES 59.6 PSIA AVG BURNER OUTLET TEMP 1327. ESE F

AVG BURNER DELTA r 9.9 NOG PRESSURE LCSS 6.13 x

OVEQALL. F/A RATIn 001942 (F/P) FUEL FLOW RATE 82.0 LB/Hh

AIR LOAD FACTOR 1,4031 PA1TE!N FACTOR .34942

SOT HOT SPOTI 0 It. 1535. DEG F MAX SOT I AVG SOT 191518
FUEL INLET T&M E'A1~if. 139. D'G F FUEL IN'ET PRESSUPE 67,0 PSIA

HEAT LOADING PAPRAETER 124747E*07 BTU/MOUA/1TP/CUBIC FOOT

*0* BURNER OUTLET TEMPERATURE SURVEY t*e*
10 TEMP ID TEMP I0 TEMP I TEMP 1D TEMP 10 TEMP ID TEMP

ANNULUS 1 2 1231. 6 1212. 1555555s A& 1300. 24 1439. 27 139. 36 1438.

ANNULUS 2 4 1251. 7 1225. 16 1535. 21 1219. 25 1344. 34 1337. 37 1422.

ANNULUS 3 5 1t62. 14 1433a t7 lAST. 22 1231. 26 1260. 35 1388. 39 1163.

LEFT SIDE ..* AIR INLET TUBE CONDITIONS to. RIGHT SIDE

TOTAL PRESSURE 59,69 PSIA TOTAL PRESSURE 89.68 PSIA

STATIC PRESSURE 59.15 PSIA STATIC PRESSURE 50.36 PSIA

VELOCITY OELTA P 4.1 "HG VELOCITY DELTA P 1,36 "G

AIR TEmPERATukf 715s DEG F AIN TEPPLRATURE 715, DEG F

A AIR VELOCITY 191.16 FT/SEC AIR VELOCITY 108,45 FT/SEC
UIFFEHkNTIAL P4ESSURES {HLEFT PTOTAL)(RIGHT P-TOTAL)) -393 10MG

AIR FLOW DATAS P-RF8 144,2 PSIA DELTA P0 2.00 "G TREF' 95, LEG F

FUEL SYSTEM OATAI

FUEL F/ FREQUENCY 3a8, PZ VOLUMETRIC FLOW RATE 1,44 GAL/MR

FUEL PWESSURE AT F/M 303,9 PSIA FUEL TEMP AT F/I 90, Ofti F

M0ISCELLAN4EOUS TRANSDUCER READINGS t

AANtFOLO AVENAGE BURNER OUTLET TOTAL PRESSURE 54,93 PSIA

COMBUSTOR OUTER CASE STATIC PRESSURE 56.21 P31A CXDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 9.69 "HG (XIDUCER 4 13)

C H[EMICAL ANALYSIS RESULTS *

GAS SAMPLES TAKEN IN PLANE 01

C02 1.841 X b2 19.16, X CO go,? PPM CIX 3.0 PPM

NO 13,4 PPm N02 4,4 PPM NOX 17,6 PPM [NO(NXR) * NO2NDUV)1
NO 12,8 PPM NC2 2.s PPM NOX 15,6 PP! I C'!MTLUMIN$CENCE 3

EMISSIONS INDEX, LB/1066 LS FUELI COn 9,40 CHXN .62
CH~mILUmINESCENCE NOE 20051 NDIR + NDUV NOY$ 3o003

CALCULATED FLEL/AIR RATIO FROM CHEMICAL ANALYSIS$ ,mm0606

CALCULATtO COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS$ 00*6927 1
CHECK ON F/A RATIO- F/A a 0 08860 Win 02, CALCULATEU 02 10.43$

SMO4E INDEX$
SALTZMAN NOX * jp4 PPM

Figure 300. Final Prechamber Liner Modification "B' on Wall Fuel

Film Injection at Regenerative 40 Power.
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rA3 cri m 'jL'sl.; 0'% I-L *i ql eltj 67, YL$T SWIES 79, READING 0 0
1 r3 F IIdA L 1a ECm1,i'. --6 -11 i) v. EGi; -ErA I iVE 163 INLET CONUITIOks
IFST 0ATE: A- 7 'REA014G W'AS TAK~EN AT 1726128 tiOuRS

(2VCLE P~OIT 4 55 2 POWER SWtING

~i .~A14~L' ~ ..i/ C .iV6 tLPkNR 114Lt f 1 MP 164. lUEG F
AVG ImIRiNE.R P0, Oh PSIA AVG "UWNiLR OUTLET TEMP 14%1', DkG F
AVkv dU~nrd LELT*4 P' It.7" "1mG PQL5StUkE LOSS 6.01 %
9VER~ALL. F/A W4TIO ~'.)j A (F /1' Fi*LtFL31%RAIF. 100,35 LBimli

80T HiOT SPO~I -a lt 11-739' DEG F MAX P,07 / AVG EJOT 1.1976
FULt INLET TEmP- ' HmTwiik lsii. ilk( F~ gUL I'KLtT PIIESSURE 63,2 PSIA
04EAT LUAVING PAkA'':TE5 27R ~ *' PTU/1UURI/T/CJ'IC V'OCT

s*~~iJhq0jib 0 1TLh1 hfmPkRA1UJRF SURVEY ,~
ir T7i-1 In TI,'...iP In TEMP In ThP 10) TEOP ;0 TEMP It) TEMP

Am.N'JL0S~ 1 2 1344il. 6 1-342~. 15 lt'69. 19 14505@ 24 1576. 27 1492. 36 1565.
ANNULUJS 2 .1 13i4. 7 13?.i. 10 17.39. 21 1649. 25 1477. 34 1410, 37 1531,
ANvNiJLLS .3 5 14' 11ii'71. 17 103. 22 J3e,4s 2b 1373. 33 1397. 3§1 1269.

LE#-T SIDE a.AIR INL0? TtJbE CONDIT!OI45a, RIGHT S10E
TOTAL P~tSv4~E S50~7 PISA TOTAL PRESSUPE 65,7k P31A
SlATII; PhSS.'k4 1 144*p WSIA STAIJC PRESSt'IRF 65.24 PSIA
VILOCI IY 00I TA~ I~ s7 "I-G VEL1,'LTTY I)ELTA P took 14mG
Alaq kpt4sr.I:4q 7S4. (; E L, F AI lEmPhIRATURE 764, DEG. F
AIR VFi.LOCJTY 2,,9.-0 FT/Sk.C Alk VELOCITY 179,27 Ft/SEC
I)IFFE404.TIAL WP1.'5UE1 ((L~fT PTO(iAL)m0IGH14 F*T0TAL)I 0*260 1

Ali F1.0ki i)AT(A? 1.w~ 11.5~~~ PSLA DkA.TA Pa 3.26 "HG T-REFS 62, DIG F

E-itL F/pi FrEjtV i7p2. I 'z vnk uIEI,4C FLOw RATE 16.26 GAL/MR
FQEL~ PRES~fir AT 1;, ?11 .1 IPS1A F"l. TfmP AT F/It 99. UEG F

so i \IJStIkAKSIetiCEW kREAIINGS oa

PANIULO AVEnA-; ruwt DiUTLt T(.TAI PkEbSuft 60.46 PSIA
CUP-RUSTOk WjTE4 Cist STATIC PRESSURE 64,1I0 PSIA (X01UCER 0 11)
dURglik flRF~kkt'47IAL TQirAL 'PRLSSU 10,57 NOG (XDUCtR o 13)

II (1-IAICAL ANAILYSIS ktSLULT3
f.A5 1AMPLES TAhEV IN PLAt 01

CU2 21056 1 n2 1 4,701 K cc 22,5 PPM CMX Ise PPM
IQU 31,6 IP4 "02 5.6 PP" box 37.3 PPM WN(OW~) 4 0102(koUV))
po .31.4 P101 NLP 1.'J plp N"X 3, PPM I CHt"ILUMINESCENCE I
EmIIUSSN 11F% LOIV Lb F10EL3 COv 2.06 CHX6 is5

CLIL1ImINESChNCF P()Xm b.06, NDIN * NDUV 11101 505

CAI~ULTH)~t.L/AR aATIO PIIOP CMEI'ICAL AlKALY51~ 091
CALI>JLATLD COMdu5T11l% t:FFICTEN'CV FRtIM C'4EW'CAL At4ALY5X3l g9.6d

CH4ECK~ UN F/A RAIIO- F/A 8 .0109873 1%/f 02, CALCULATED 02 m t8116 X

SMOKE INDEXI
SALTZMAN NON m PP"

N~aRS0 ... r aN. me

Figure 301. Final Prechaniber Liner Modification "B" on Wall Fuel
Film Injection at Regenerative 5S% Power.
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T153 COeHiJUSTOR EXPEhImETS . RIl Li, 67, TEST SERIES 79, READING I 967
T63 FINAL PPECMAMbER M0048" RU REGENEERATIVE T63 INLET CONDITIONS
TE3T OATES A-l(-72 REAUING OAS TAKEN AT 17481 6 HOURS

CYCLE POINT 4 55 X PONER SETTING

.. *** EXPERIMU'TAL CON ITIONS 0e,'a
BURNER AIR FLO. 2.16 LM/SEC AVG OURNER INLET TEMP 764. OG FAV6 61IRNER INLET PhES 65,6 PSIl AVG BURNER OUTLET TE14 i t Oe 0 F

AVG BURNER DELTA P 1.62 nor PRESSURE LOSS 8.e1 xOVEiALL F/A RATIO 0106 (F/P) FUkL FLOW RATE lie*31 W!HRAIR LOAD FACTOR 1.3961 PATTERN FACTOR .30?78

89T NOT SPOTS th a 1663. DEG F PAX hOT I AV6 SOT 1.145S
FUEL INLET ThPElATItE tA3. DEG F FUEL INLET PRESSURE 126,3 PSIA
MEAT LOADING PANPAOTER .21285EWP? BTU/oOUk/ATPJCUbIC FOOT

.. ,* RURNER OUTLET TEMPERATURE SURVEY ****
1O TEMP ID TEMP in TEMP I TEPP 1D TEMP I TEMP 10 TEMP

ANNULUS 1 2 1355. 6 1339. 15 1617. 19 IlP. 24 1507, 27 140. 36 1J077.
ANNtULU3 2 4 1371. 7 1327. 16 1663. P2 1319s 25 1463. 34 1455, 3? 1579.
ANNULUS 3 5 1200. 14 1518. 17 1633. 22 1330* 25 1406, 35 t4S5 39 1i2S9

LEFT SLOE a** AIR INLET TUBE CONO:TIONS .. * RIGHT SUOc
TOTAL PRE5SURE 05.48 PSIA TOTAL PRESSURE 65.7* P5IA
STATIC PRESSURE 65,13 PSIA STATIC PRESSURE 08.15 PSIA
"ELOCITY DELTA P .70 *NG VELOCITY DELTA P 1.16 OHS
;-R TEMPERATURE 764, DEG F AIR TEYPERATURE 764 DG F

. AIR VELOCITY 14.,97 FTSEC AIP VELOCITY 191.4 ,$T/SC
IOFFERtNTIAL PRESSURLS (CLEFT P-TOTAL).fRIGNT PeTOTAL)3 -*493 OHS

AIR FON OA AS Pe3,Fe 103.7 PSIA DELTA P0 3,20 *NO TOREFS O P11 F

I FUJ4 SYSTEM OATAIFUEL FIN F0901AN CY art* NZ VOLUPETRIC FLOI RATE GJ l.O ALINR .

FUEL PRESSURE AT F/H 478,6 PSIA FULL TIAP AT FtM Its, 0ES F

a. MISCELLAMEOUO TRA"SDUCEP 8(ADING$ *.
MANIFOLO AVERAGE BURNER OUTLET TOTAL PRESSURE S6,35 PSil
CONSU6TOR OUTER CASE STATIC PRESSURE 63:07 Pi1* CIDUCER 11)."$ URN(# 0IFF94INTIAL TOTAL PRESSURE 14..45 flog (XOUCfR*& 13)-

CNO N1 C CAL ANALVSIS RESLTS *

GA$ SAMPLES TAKEN IN PLAN at1
cot 2.167 02 16.56 1 CO 3404 PON CHI .j PO
N0 4.1 PP NOR Red PP NOt 41.1 PPM CNO(frOI) * NOI(WOUV))
NO 39.2 PP KO ,0 PPO NOX 4909 PPN t CN&NILUNINESCNC9 I
EMISSIONS INDEX$ Lb/PAp Lo FUELS COS 301 CNXN ,4

C"EMLU"INESCkNCE NOle-. 5.91, NOIR * NDUV NOXE 6.95

CALCULATED FLt/AIR RATIO FROP CHEPICAL ANALYSIS *MM9806
CALCULATEO COMBUSTION EFFlCFEkCT FROM CHEMICAL ANALYSIS$ 9.l*803 X

CHECK ON Fi4 94.710o FIA a .9610999 bO 02. CALCULATED 0 0 *10S X

0009E INOLX: 2.2.3?
SALTZMAN NOX aPPM

Figure 302. Final Preehamber Liner Modification "B" on Pressure A
Atomizer Injection at Regenerative 559 Power.
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76 CO'IbUSTIR fYPEIIENT5 RIG tbiu 67, TEST SERIES 79, READING b O6e
T1,I FlhAL tPRECH#"8tk MOO80 RUN~ I.EENERII1XE T63 INLET CONDITIONS
reAT DATES A-1IV7? READING *AS TAKEN AT 1014327 HOURS

CYCLE PU14T 3 75 ! POWER 3ETTING

EYPE.RIME.WAL CONDITIO. *00

OURN .R AIR FLOW 2.814 LB/SEC A46 BURNtR INLET TEMP 049, 016 F
AVIU OUkNt INLW PkIS 14,7 PSIA AV6 BURNER OUTLET TEMP 1597. 0ES F
AVG I4UNER flELTA P 11.83 PRISSUIE LOSS 7.215 x
OqtWALL F/A bkATIU .@1201 . /') FUEL FLOW RATE 121.64 LB/MR

ilk LOAD F4CTnwh 1135el PATTERP4 iACTOR 03044
SOT MOT SPIT' 0 16 a 1024, DEG F NAX 0OT 1 AVG SOT 101423I
FUFL IN4LET TamPeh'DTIRE 1A4, PEG F FuEL INLET PRESSURE 264.0 PS1*
M4EAT LU4L)ING~ PARAI'ETEk .29064#f1r ftL/mOLDR/ATM/CUSIC PCOT

Ao.uURtER OUTLET TEMPPRATJR SURVEY o.f
10 TEPP It TEMP 10 TEMP ID TEhP 10 TEPP 10 TIPP 10 TEMP

ANNULUS 1 2 11170 6 1437. 5179 19 1675, P4 1762. 1? 1620. 36 171.
ANNIJL~I6 2 4 1~bi. 7 1463. 16 I 24. 21 1467. 25 1625. 34 1579. 37 1745.
ANNIJLIJ& 3 5 14e2. 14 1633. 17 1797, 22 1403, 26 1531. 35 1511. 30 1415.

LEFT SIDE *i* AIR INLET TUBE COND.ITIONS to* RIGHT $lot
TOTAL PRESSURE 74,79 P31A TOTAL PRESSURE 74,06 Pit&
STATIC PRESSURE 7A.17 P31A STATIC PRESSURE ?3,94 P51*
VELCCITV DELTA P 1,146 ',%G VELOCITY DELTA P 1.40 ONG
AI.k TEMPEWtAT11RE 441, OEG F AIR 19PPIRAYuRI 44. 016 P
AI VELOCITY 177.34 PT/SEC AIN vILOCITY 26.1 T1SEC

~)1Pt'0'T!A P 3bksRt ((LEFT P*TOTAL)w(RIG"T P*TOTAL)l 606 . me

All- FLtIw LVATA? P-k~m 103,2 P319 (ALTA Ps 3.71 *NO ToREps, s0. 096 P

Putt. Fii4 FREQU~tENCY 451. ol VOLUMETRIC FLO% RATE 19,74 SA'4*04
FUEL. PkEss4JRe AT F/A %!2,1 '51* FUEL TtHP At PiN 161. 016 F

VAN IF OLO VV~ U~R0Tf OA RSOt 6*6P
CO."SusTOR OUTEN CASE STATIC PRtSSUkt Y2,06 PI IA. (IOUCIN 0 11)
buRhio O1IFFOENTIAL TOTAL, PRESSURE 11.06 fame toucl 0 1s)

0CHEMICAL ANALYIS RESULTS A I
GAS SAPME TAASW IN PLANE 01

COR 2,352 % Oil 186116 x cO 311s PPM CNN 61 "Pm
NO 4j3. P0 '14 h- 6.1 ppi NO%3 11- PPM (NocloR) oi" M
hoQ 66.7 PPM NC-2 's PPM NO%! 640 PPM t CNENtuiIINECE 3

IISU'M1d(EX# L9 0ip LS FUELS Coe los.6,e So
C'. I14tIIESCkNCt 06 $i* Nt * NOUVN0,94

CALCULATED FLEtL/AIR 041TIO RO. CIPICAL A14ALYSIIl *11900
CALCOLATtU COPOLST1O. EFFICIENCY FRON C'.EPICAL, ANALYSIS, 99*8401 1

CniECI 0N ViA RAllOo F/A 0 .011257 Ob/O 01,. CALCULATED 01 9 17.110 I

SMOK IND0EX$
SALTZMAN. NUN m7* P

figure 303. Final PreabrLiner Modification "S" on Pressure
Atw~zerInjection at Regenerative 559 Power.
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Th3 Cli IiT.q f"EjO-P'y5  RIG F~/11 67, ItST SERIES 79v RE4OINaG 0 coo1 FINAL PNECM.A,.Ht 'hCo"is PUp I.EGEhEwA1IVE Tb~3 INVLET CONDITION$
TL$Y A~tI A-1V72 IEAVING tPAS TAKEN AT 1033237 HOURS

CYCLt PIN3T A 75 x pomek SETTI146

**'s. E1PtkNI4Lk1AL COkLITlOkS s.
00t 41ki FLjO, P*60b LW/EC AVI, 6URNER INLET TEeqP 8d1. DEG FAVII hi1ANtk J'4.U Oit ?5*0i PSIA AVG OURINR OUTLET TEIMP 1667, DEG FAV6 tMuNhEW PELT) P 11*62 VIS P~tSSURE LOSS 7.61 1CVt4ALL F/A QATIU V1209b (PIP) PUKL FLOW RATE 122.90 LF/MRAlin LOAD FArT114 1.3469 PATIER. FACTOR 933355

dL)I HOT SPUTI It 5c 16639 DtG F PAX bO1 i AVG bOT 1.1593
MtE ~ET P.PIATIF ?95. OLG F FULL INLET PRESSURE 71,d PITA

PmELT LUA.OINd. 'ADkAptTfW .*29041E*P7 bTU/m(-U~tArvMCUSIC FOOT

*.'. R OUTLET 1TLPfA1LRE SURVEY ..
In TEPP In TEMP 10 TEMP 10 ?EPP TO TEMP 10 TEMP 1O TEMp
A4IIJL& I~ 5~, I~ 4i6 1 170* 9 to1o Rd 1052 27 1696, 30 1716,AhNIJLUS 2 A 10~7. 7 IdRO 16 1663, 21 1St. 25 1633, 34 1545. 37 1737,AkMIqI~b 3 !i 1d2k 14 it ,I 1? 1792. 22 15-65. 26 152f. 35 1564. 36 1434

LEPT Slot . AIRN ZhLtT T666 CONOITIONS, 0..sh5T SIDEIiAL k01S3i1ik 74.112 P31A TOTAL pakSSUpE 75,F? M&15TATIC Pkt~Sbumk 74.23 MSA STATIC PRESSUJRE 74,27 PSI&vEIVCjly a'LlA ~' 1.41 "P.G Vf.LUCITY DELTA P 1404 ONG.
Alk r~l.OkA,,mr 0410 ~ Alk TEI'PtRATUpE 641. 0(5 F.At% vtLOCITY 2V4,1.3 FYISEC AT& VELOCITY 219,0. FT/SC
Ct0.Fk~k~IAL FPES%;VEI MMEF PO1OTAL~aCkIlPHY PO.OTAL)l 0*314 Dios

ilk PLC)w V*TAI 1#f.'IFa 103*2 PSI& (ELTA Ps 3s66 'ONG TeREFf 6?, 046 0
la. PULL MILOIJ flAT61

f'I. 'i AF~~ 454, 1.Z VOL01PT#IIC PLOb* 0ATE 49,3 6AL/MRf-FUEL Pwf6SUiiE A0 4; 414,p PSI& FUkL TIMP -AT IF/" If&. -096

04NIFOLO AVW,*AGL tisKt-Ek OUTLEI TCTAL P136I,2 10.29 PIA
LOPAUSTON QLTk CAt4E STATIC poESSUPE 733629 PIII (NOuC90 * $1)VU*%(4 #4FFf0NTlIAL TOTAL POESSiutiE 11946006N MkUME 2 11)

SC140ICAL ANALYSIS RtSULTS.
GAS SAMPLtS TAKEN1 IN PLAWE a1

Coe V.Ps3A 1 (2 16025A I CO 3610 pp CNN 'A PON6 2.4 *lot *4 A 7.2 PPIN WOX fis,5 IPPw tkOthoI) "C. (010tiy) 14tr, 7#,7 OPP UP * PPPt %CJ Irl 0 it tP~ CM(NILUJMSCINCE I~tt(N V't. tfA,ls~ LS FUtL1 COO too02 ObiR. .

CALCIJLATFIC LL/Atg 01 IRO NP CO(PICAL 81.ALYSISI #to71CALCULAM& COPNL.67104 vFFIcILNCY F0014 CMNICAL ANALYSISS 99687341 aCottg Ut. P/A M~ATTO- F/A 0*0.14033 k/o 02, COLCULA110 011 a 17.511 I

SALTLNAf L Poo

Figure 304. Final Prechamber Liner ModifiCation "b" on Wall Fuel
Film Injection at Regenerstive 75% Power.



T63 COhOUSTOR CEEIM4TS k IB O/U 67p TEST SERIES 79t READING # its
T83 FINAL PNCMAPEk "ODOBO RUN REGENERATIVE T63 INLET CONDTIONS
TEST DATES S.1tw72 REAOINS OAS TAKEN AT 145145 NOURS

CYCLE PUINT 2 see I POWER SETTING

t**EXPERIIMENTAL CONDITIONS *e
BUIQ4ER AIR FLOw 3,064 LSJSEC LVbI BURNER INLET TFMP 979. DEG F
! J SURA4R IN4LET M3't 8,6 PSIA AVG bUPNLR OUTLET TEMP 1O4S, 026 P
AVG OUWNtk ftELTA P 14,37 @06 PRESSURE L.OS3 0038
OVERALL 7/A RATIOJ 1040 (F/P) FUEL FLOW RATE 155.49 LSINR

AI LA FCOR 1363PATTERN. FACTOR .31993
OOT NOT SPUTI 4 10 a 2134, DEG F MAx O0? / AVG SOT lose46
FUEL INILET TENPtRATORk 16*D1. G F FUEL INLIT PRESSURE Y104 PSIA( NEAT LnADIP46 PAkAP TLQ ,32699L407 0TV1qWOUR/iTN/ICUIIC FOOT

B05 URNER OUTLET TZMPERATIORE SURVEY a*.
10 TEMP 10 TfMP 10 YE NP 10 TEP 10 TEMP I; TEMP to 7T14P

ANNULUS 1 2 lOeS. 6 164, is 2172, LB 179. 24 261l.27 I?675. 36 3949,
ANNULUS 2 d 36S4, ? 1723. 16 1134a I1 17610 15 LO1S. 34 1707s 3? 1OSS.
ANULUS 3 b 1633. 14 2967, 17 1973. 22 175S, 86 08. 3.0 1797, 39 1#39.,

LIFT $lotee AIR INLET TUBE CONDITIONS a** RIGHT SIDE
T0141. Plittsu~p 04.72 PSIA TOTAL PRESSURE 64,800P51*
3TT'r j Z'ESSUNt 4d,0S P81* STATIC PRESIUR9 44,15 P814

'IYDELTA P 1,21 'G VELOCITY DELTA P 1.5ss M
AIR TEMPERATUkE 071. EG F AIP T9PPERATURE 979 096 P.
AIR VELOCITV 166.97 FT/SsC AT# VELOCITY 267.31 Ft/SEC

j OIPPtRENTIAL PR0SS.,tI M(EFT P*TOAL)sCRI6NT P*TOTAL)) 30 M

At# FLON DATA$ PawEP. lot,$ PSIA DELTA Pe 1.46 ONG 1.RIP, $so 016 P

FUEL 5YSTsk OASA
FUEL F/M FMLQUE*.CV $7I. pt V31UNIETRIC FLOW RATE 15.16 SAL/HR

eFUkL PRESSURE at F/Ps 359 PML sUEL TEMP AT Ft" lose DEG F

"'AhtFOLO AVENAGt OURNIR OUTLET TOTAL PRESURE ?70$7 P41*
CO"NUSTOR OuTta CASE STATIC PRESSURE 4044*081* (IOUCto 4.IS)
SUNNI* OWEPRINTIAL TOTAL PRessuRE £4.19 ON# (MOuct a 11)

0; CN(.otCAt ANALYSIS RESULTS$
GAS SAMPLES TAKEN IN PLANE #1

catI M 1.7 08 110301 5 CO 31.s PPn CHN *I PP14
#4O 182.6 pro hot S.t sIPM kO11 139. Pon tNot"ORI) " Oft"Ouvi1
too 133.9 OP MCI '0 PPo %ox 13),9 PP" t CNEMILUMIscENct I
tP1SSIOhJ INOEX. 1.5/110600 FUELS COO I'llOMS .1

C"E"ILUMINESCENCE kOX0 1691, NoIR 0 NOUV N010 14.01

CALCULATED FUEL/AIR RATIO FROP CHEMICAL AhALYSIS *a1376
C4LtATED COMOUSTlON EFFICIENCY PRO CHEMICAL ANALYSII 9091590 1

M~CK On F/A RATIO. P/A *MM116 W/O 01. CALCUL01EOf 0a * OC 178(

$Note INDEX$
SALTZMAN NOX Gut PIP"

figure 305. final Prethmber Liner Nodification "a on Wall Fuel
file Injection at Regenerative 100% Power.
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T63 COMdUSTOR EX~IET R IG N/U 67, TEST SERIES 70, READING 0 0il
T63 FINAL PRECIIAMBER 0MOD"60 RUN FEGEFRATIVE T63 INLET CONDITIONS
TEST DATES 8 -1ka72 READING *wA$ TAKEN AT 1916193-MOUiRS

CYCLE POINT 2 110ENEIM~A X lglPOWER SETTING

U.UNRILTPF 0. XA AG&PE OUTLET YE1P 1651. E
OYCOALL, F/A RATIU 9014t9 01) FUEL FLOWi RATE 155,96 LI/MR

"EYLOADING PAAa'tT9R 309E8 TU/HOUP/ATPICUUIC FOOT

**.BURNER OUTLET TEMPERAT4*E SURVEY '
AMLLIS~ ID TEIPP 10 TEMP Wp TEMP to TEMP Ic TEMP 10 Tgvp 10 TOOP
ANNOLS 1 1716, 0 1663, 15 2114a 19 1011, 241616. 17 1011. 36 1042#

*NNtjLUS 2 4 IM,9 7 1084. 16 tit$. It 1009, 15 1011, 34.1093. 37 1l0f.
ANLS3 5 162F. 14 2026. 17 2966, 28 1663. 16 1065. 35 1041. 30 1000.

LIZFT 310t So* AIR INLET TUBE COkoTt.6 ... RISKT $10E
TTL PRESSURE 04,61 P81* TOTAL PRESSURE 4.16 P91 A

STATIC PRMSUkE 64,12 PS1* STATIC PRESSURE 64.10 PIA
VELOCITY DELTA P 1.31 ONG VELOCITY DELTA P 1.80 814G
AIQ TePtSPFAURE pit. DEG F AIM TEPER1ATUUE art,. OnG F
AIR VELOCITY 176.10 py/SEC AlR VELOCITY 10.3P/SgC

DZFE~kTIL PESUME (LEF PTOTL)CSZWTPeTOTALU .6 "*It am

AI LF ATLt PaktF@ lot.0 PS1* DELTA Ps 4.31 'ING T.ALtP so 00. y

FUEL SYSTEM DATA#
*FUCL P FREGUENCv w,7 16t VOLUP1R1ac FLOW WAT 11501A SAL/WI

FULL PRELSSURIE AT F/P as?.4 PS1 FE TM At Pt" 164, E0

to NISCELLANEOUS TRANSDUCER 11ADINgs so.
PANIfOLI AVESIAGL GiR'dER OUTLET ?CTAL P111SSURE1 77,0 Pit&
COMOUSIOR 0094R CA*E ST0tIC PRESSUR is,41 r~iA (SoUcto a 11) t

*CWEHICAL &"ALTS$S ISULTS
GAS SAMP~E& AK INs PLANI et

Col 2.7950 at 01 17166 Co 10.3 PP Coll *0 PON
N~o 111.6 PPO hueI 6,S PPP Not 131,1 pp (NOV1014) * t1l(OVV)
No 136,$00 %0' 9 ItQ .0 f PPM 'S 136*0 PPN t CMEILIJINESINCE I
EMISSIONS 1*0DEX, 161 Lf FUEL. too 1.02 CINIG .04

CMEMILUNINESCEWC9 '003 19,41p *Olp 0 NoIJY No 14564

CALCULATED 04ELIAIR RATIO FROP CMPICAL. ANALT91SS $UIts&
CALCULATED CONVI'STIOk EPPICIINCT PROP CHEMICAL, ANALVIISO 190016 1

CMECX ON P/A RATIO. F/A 0 .610696 b/O 00, CALCULATIS 08 8 17.153 t

$poRe INotil
IALt~nAN NO *0 aPP

REMARKIR A/**~e A';/

Figure 306. finul Preeftamber Liner Modification "S" on Pressure
Atomizer Inject ion -at Regenerative 100% Power.
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V

TAHB11 LXXViII. EMISSION INDEX SUk4APY FOR T63-A-SA GAS
TURBINE ENICINE COMBUSTrORS RIG TESTED) AT

REGE-RAIVEENGINE CONDJITIONS OVER IME

Oxibustor x y CO x rlu7ts~sbns

EISSIONI IN=C (1b eu~isionsl1000 lb rwl1)

Baselne %(3-A.SA
*Nonrwpt i ve 3783 13. 8C 6 14 12 .04 2, 6-,

*Revnerat~ve .118 9.4m8 9.'.03 .34i6 19-3511

FInal Dttf-g Pr~chatr
mod. .B

* 'MU PFjel FI)Am 2.239 6.873 6.536 .012 15,6a0

' PteaurAto jq .073 4.321 7.735 .'.55 12-5N4
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Airflow Rate, Wa 0.20 lb/sec

Inlet Temperature, BIT = 84°F

Inlet Pressure, BIP 14.5 psia

Fuel-Air Ratio, F/A 0.047

Fuel Flow Rate, Wf = 34 lb/hr

These conditions were maintained for 60 seconds with the spark
igniter activated. A light-off was not obtained in either fuel
injection -node. Data acquisition readings taken prior to and during
each fire-up attempt are presented in Figures 307 through 310.
Repositioning the spark igniter in the dome adjacent to the atomizer
nozzle during startup with the pressure atomizer fuel injection
should have produced satisfactory results. Similarly, repositioning
the spark igniter flush with the vaporizer tube wall and slightly
downstream fro,, the wall film injector holes may have produced
ignition in the wall fuel film injection mode.

Emission /combustor data were obtained for the Final Prechamber
Modification "B" combustor liner operating on both fuel injection
modes for a nine-point set of parametric combustor conditions.
Three values of four parameters were set on the combustor, the
middle value of the three being the nominal test value. The para-
metric point values tested were the following:

Airflow Rate, Wa (Ib/sec) 1 2 3

Inlet Temperature, BIT (°F) 200 600 1000

Inlet Pressure, BIP (psia) 32 60 92

Exhaust Temperature, BOT (°F) 1100 1500 1700

The nine parametric operating conditions at which the Prechamber
Modification "B" combustor was tested using wall fuel film injection
are reproduced in Figures 311 through 319. A summary of these
data is -een in Table LXXX. The detailed test results for
pressure atomizer operation are given in Figures 320 through 328
and summarized in Table LXXX.

Modification "C"

Final Prechamber Modification "C" was a simple change to Modifica-
tion "B", viz, that of closing the twelve reaction-zone air admission
holes. It was intended that wall fuel vaporization would be
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T63 COl'8USTOR EXPInMENTS - RIG b/U 67, TEST SERIES 8, READING * 9t2T635 FINAL PRECHMBEU. POO 08" RUN ELECTRICAL IGNITION STODY ON VEE PLUG
LTEST DATE: 8-11-72 READING *AS TAKEN AT 1421142 HOURS

C.CEPOINT 7 0 2 POWER SETTING

',.EXPERIMENTAL CON.DITIONiS *,BURNER AIR FLOi .204 LO/SEC AVG bURNEIR INLET TEMP 04, DEG FAVG BURNER INLE! PRE$ 14,5 PSIA AVG bURNER OUTLET TEMP 63. DEG FAVG BURNER DELTA p .13 "NG PRESSURE LOSS .45 2
-OVERALL F/A RATIO .04000 (F/P) FULL FLOIW RATE .00 LB/MRAIR LOAO FACTOR 03293 PATTERN FACTOR W,44293BOT HOT SPOT: b 34 9 3, DEG F MAX BOT / AVG SOT 1,0049FUEL INLET TEMPERATURNE 53. DEG F FUEL INLET PRESSURE 1492 P31AMEAT LOADING PARAMETER e@0006E+00 BTU/NUURIATM/CUBTC FOOT

a,,BURNER OUTLET TEMPERATURE SURVEY .a10 TEPP ID TEMP 10 TEMP I0 TEMP ID TEMP 10 TEMP ID TEMPANNULUS 1 2 83. 6 83. 15 83. 19 83. 24 63. 27 63. 36 63.ANNULUS 2 A 8.3. 7 83. t8 83. 21 63o 25 33, 34 63. 37 63.ANNULUS 3 5 82. 1A 83. 17 82. 22 83, 26 62. 35 83v 39 63.

LEFT SIDE *aAIR INLET TUBE CoNtrITIONS a.RIGHT SIDETOTAL PRE33URE 14.48 P314 TOTAL PRESSURE 14,46 PSIASTATIC PRESSURE 14,45 PSI$ STATIC PRESSURE 14,43 PSIAVELOCITY DELTA P .02 "I-G VELOCITY DELTA P .62 RHOAIR TEMPERATURE 14. DEG F AIR TEMPERATURE 84, DEG FAIR VELOCITY 33o46 FT/SEC AIR VELOCITY 31.59 FT !EC*DIFFERENTIAL PRE3SURE: ((LEFT PoTOTAL)v(RIGHT PwTOTAL)) 98963 No1
AIR FLOW DATAI P-REFv 109,6 PSIA DELTA Ps .24 "NO TwREF* 92, 0EG F

FUEL SYSTEM DATA 3
FUEL FiN FREQUENCY * HZ VOLUMETRIC FLOW RATE 918 GAL/MRFUEL PRESSURE AT F/M 13.8 PSIA FUEL TEMP AT F/M 63. DEG F

*MISCELLANEOUS TRANSDUCER READINGS$*MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 14,39 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE145 l XDCRt1)BURNER DIFFERENTIAL 7OTAL PRES3URE 135 P"NA (KUCER 0 13)

SMOKE INDEX:
SALTZMAN NOX *?'PPM

REMARKS: 
5

Figure 307. Final Prechamber Liner Modification "B" Startup Test
on Wall Fu Film Injection Prefire Conditions.
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T63 CnMBUSTUR EXPENiMENTS - RIG 61/U 67, TEST SERIES 80, READING k 913T63 FINAL PRECAM ES, MnO "13" RLN ELECTRICAL IGNITION STUDY ON VEE PLUGTEST i'ATE: A-11-72 READING OAS TAKEN AT 1425135 HOURS

CYCLE PUINT 7 0 1 POWER SETTING

EXPERIMENTAL CONDITIONS *9**vBU6rER AIR FL(Iw .209 LB/SEC AVG BURNER INLET TEMP 65, DEG F* AV( bURNER INLET FkE$ 14.7 PSIA AVG BURNER OUTLET TEMP 75. DEG FAVg BURNER DELTA P .16 "qG PRESSURE LOSS .55
OVERALL F/A RATIO oV4718 (F/P) FUEL FLOk RATE 35,53 LB/MR
AIR LOAO FACTOR .3325 PATTERN FACTOR -.55784
807 HOT SPOTS x 27 8 D. OEG F MAX SOT I AVG DOT 1.6891FUEL INLET TEMPERATURE 83, DEG F FUEL INLET PRESSURE 14,5 PSIAHEAT LOADING PARAMETER ,43203E+07 BTU/0OUX/ATM/CUBIC FOOT

at. BURNER OUTLET TEMPERATURE SURVEY eto
ID TEPP IU TEMP ID TEMP ID TEPP ID TEMP ID TEMP ID TEMPANNIJLIJS 1 2 77. 6 76. 15 73, 10 68. 24 72. 27 II, 36 75.

ANNULLS 2 4 76. 7 78. 16 73. 21 89. 25 76. 34 78. 37 75.
ANNULUS 3 5 7, 14 76, 17 74, 22 71, 26 85, 35 77, 39 77.

LEFT SI6E a.. AIR INLET TUBE CONDITIONS **t RIGHT SIDETOTAL PRESSURE 14.67 P31A TOTAL PRESSURE 14,68 PSIASTATIC PRESSURE 14.66 PSIA STATIC PRESSURE 14.67 PSIA
VELOCITY DELTA P .63 "MG VELOCITY DELTA P .81 OHG
AIR TEMPERATURE 85, DEG F AIR TEMPERATURE 84d DEG FAIR VELOCITY 4P,04 FT/SEC AIR VELOCITY 31.25 FT/SECDIFFERENTIAL PRESSURES ((LEFT P-TOTAL)-TRIGIT P-TOTAL)] -682 NHG

AIR FLOW DATAI F-kEF 110,0 PSIA DELTA PO .25 "HG T-REF8 02, DEG F

FUEL SYSTEM OATAI
FUEL FIN FREGUENCY 136. 0Z VOLUMETRIC FLOW RATE 5.71 GALIMR
FUEL PRES5URE AT F/H 94,2 PSIA FUEL TEMP AT F/M 83, DE F

M* MISCELLANEOUS TRANSDUCER READINGS ta
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 14.59 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 14,53 PSIA CXDUCER 4 11)
BURNER DIFFERENTIAL TOTAL PRESSURE .16 "H (XDUCER 4 13)

SMOKE INDEX:
SALTZMAN NOX s * PPM

REMARKS&

Figure 308. Final Prechamber Liner Modification "B" Startup Test
on Wall Fuel Film Injection - Conditions During
Fireup Attempt.
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T63 COMBUSTOR EXPERIMENTS RIG 8/U 67, TEST SERIES See READING 14
TM3 FINAL PREChAMBERt MOD PON RUN ELECTRICAL IGNITION STUDY ON VIE PLUG
TEST DATEI -tl-72 READING WAS TAKEN AT 1431154 HOURS

CYCLE POINT 7 1 I POWER SETTING

***** EXPERIMENTAL CONDITIONS
BURNER AIR FLOW .172 LB/SEC AVG BURNER INLET TEMP all DEG F
AVG BURNER INLET PRES 14,5 PSIA AVG BURNER OUTLET TEMP 63, DIG F
AVG BURNER DELTA P .12 "JG PRESSURE LOSS 42 %
OVERALL F/A RATIO 60e00 (F/P) FUEL FLOW RATE 093 LB/HR
AIR LOAD FACTOR .2775 PATTERN FACTOR P.49818
BOT HOT SPOTI A 34 a 84, DEG F MAX SOT / AVG BOT 188187
FUEL INLET TEMPERAILRE 83, DEG F FUEL INLET PRESSURE 14,9 PSIA
MEAT LOADING PARAMETER 0BO08E00 BTU/HOUR/ATM/CUDIC FOOT

**** BURNER OUTLET TEMPERATURE SURVEY ****
ID TEPP I TEMP 1D TEMP ID TEMP ID TEMP 1D TEMP ID TEMP

ANNULUS 2 2 84, 6 84, 15 84, 19 84, 24 84. 27 64, 36 84,
0ANNULUS 2 hi. 7 83. 16 83. 21 83. 25 83, 34 84, 37 84.

ANNULUS 3 5 83, 14 83. 17 83. 22 83, 26 63, 35 63, 39 83,

LEFT SIDE *.* AIR INLET TUBE CONDITIONS *'* RIGHT SIDE
TOTAL PRESSURE 14.46 PSIA TOTAL PRESSURE 14.48 PSA
STATIC PRKSSUE t14.45 PSIA STATIC PRESSURE 14,45 PSIA
VELOCITY DELTA P .02 "MG VELOCITY DELTA P ,e1 PH$
AIR TEMPERATURE 85. DEG F AIR TEMPERATURE 65, DEG F
AIR VELOCITY 34.27 FT/SEC AIR VELOCITY 19,32 FTISEC
ULFFERENTIAL PRESSUREt ((LEFT P-TOTAL)-(RIGHT PaTOTAL)l 04912 "Hs

AIR FLOW DATA: P-RtFs 109,8 PSIA DELTA Ps s17 111G T-REFs 92, DEG F

'UEL SYSTEm DATAI
FJEL F/M FREGUErY. kZ VOLUMETRIC FLOW RATE 00 GAL/HR
FUEL PRESSURE AT F/?, 13.9 PSIA FUEL TEMP AT F/M 83. 0EG F

** MISCELLANEOUS TRANSDUCER READINGS **
MANIFnLU AVERAGE H.RNER OUTLET TOTAL PRESSURE 14.40 PSIA
CUMHUSTOR UIJTEQ LASE STATIC PRESSURE 14,51 PSIA (XOUCER # 11)
OUHER OIFFhNE'qTIAL TOTAL PRESSURE .12 "HG (XDUCER 4 13)

SMrIKE INDEXI A
SALTZMAN NUX u1 PPM

REMARK51

Figure 309. Final Prechamber Liner Modification "B" Startup Test
on Wall Fuel Film Injection - Prefire Conditions.
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T63 COMBUSTOR EXPERIMENTS . RIG B/U 67, TEST SERIES Of@ READING 4 915
T03 FINAL PRECAMDBER, MOO "S" RUN ELECTRICAL IGNITION STUDY ON VEE PLUG
TEST DATER 8-11=72 READING WAS TAKEN AT 1434125 HOURS

CYCLE POINT 7 6 x POWER SETTING

,,"'* EXPERIMENTAL CONDITIONS .oooe
BURNER AIR FLON .190 LB/SEC AVG BURNER INLET TEMP 85a DEG F
AVG BURNER INLET PRES 14,7 PSIA AVG BURNER OUTLET TEMP 76, 0EG F
AVG BURNER DELTA P *13 "NG PRESSURE LOSS 0d4 x
OVERALL F/A RATIO .04769 (F/P) FUEL FLOW RATE Z2,63 LB/HR
AIR LUAD FACTOR .3018 PATTERN FACTOR -54147
S0T HOT SPOT: 0 27 8 e1, DEG F PAX DOT AVG DOT 1,1663
FUEL INLET TEMPERATURE 83, DEG F FUEL INLET PRESSURE 182.3 PSIA
HEAT LOADING PARAMETER ,39599E*07 BTU/OUR/ATM/CUBIC FOOT

*** BURNER OUTLET TEMPERATURE SURVEY ****
ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP I0 TEMP ID TEMP

ANNULUS 1 9 77, 6 77, 15 73, 19 70, 24 74, 27 SI, 36 76,
ANNULUS 2 4 77, 7 78, 16 74. 21 70, 25 76. 34 78, 37 76.
ANNULUS 3 5 79, 14 76. 17 74, 22 72, 26 80a 36 79, 30 78

LEFT SIDE o** AIR INLET TUBE CONDITIONS oa* RIGNT SIDE
TOTAL PRESSURE 14.70 PSIA TOTAL PRESSURE 14,71 PSIA
STATIC PRESSURE 14,C9 PSIA STATIC PRESSURE 1497M PSIA
VELOCITY DELTA P .02 "NG VELMCITY DELTA P ,02 "NG
AIR TEMPERATURE 45, DEG F AIR TEMPERATUE 65, DEG F
AIR VELOCITY 37,88 FT/SEC AIR VELOCITY 310 7 FTv3FC
DIFFERENTIAL PRESSURE: ((LEFT P-TOTAL)-(RIGHI P-TOTAL)) *mo4 "HG

AIR FLOW DATAI P-REFN 110,1 PSIA DELTA P0 21 "HG T-NEFs 9R. DEG F

FUEL SYSTEM DATAI
FUEL FIM FREQUENCY lis 0Z VOLUhETRIC FLOW RATE 59,2 GALtON
FUEL PRESSURE AT F/ 143,3 PSIA FUEL TEMP AT F/N 04, DE F

M MISCELLANEOUS TRANSDUCER READING$ to
MANIFOLD AVERAGE 4LRNER OUTLET TCTAL PRESSURk 14.64 PSIA
COhaUsTroo OUTER CAS STATIC PRESSURF 14,53 PSIA (XOUCER 4 11)
BURNER DIFFERE0d AL TOTAL PRES3URE 13 "MG (XOUCER 4 13)

SMOKE INDEXIK
SALTZMAN NOX si PPM

.*U***W UU' 6..emI@ S.WWU@@ m.iinm...W.UE UU. @ a~e.E ma*..E

REMARKSI

0or ~ ~ M~ /44rp F1 0*

Figure 310. Final Prechamber Liner Modification "B" Star.up Test
on Pressure Atomizer Injection - Conditions During
Fireup Attempt.
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T63 COMBUSTOR EXPERIMENTS - RIG 6/U 07, TEST SERIES S1, READING l 916
T63 FINAL PRECHAMBER, MOD "B" RUNNING PARAMETRIC PERFORMANCE STUDIES,
TEST DATEI .-1t-72 READING WAS TAKEN AT 1635143 HOURS

CYCLE POINT 7 1 X POW" SETTING

.***a EXPERIMETAL CONDITIONS *tiae
BURNZR AIR FLOW 2,35 Lb/SEC AVU BURNER INLET TEMP ZOO, DEG F
t UAVG BURNER INLET PRES 59.4 P31A AVG BURNER OUTLET TEMP 1482, DEG F

OVERALL F/A RATIO .01583 (P/) FUEL PLOW RATE 118,1 LB/MR
AIR LOAD FACTOR 1,038 PATTERN FACTOR 666056
SOT NOT SPOTS a 16 a 2696. DEG F *MAX SOT / AVG SOT 1,4142
F EL INLET TEMPERATURE 89. DEG F FUEL INLET PRESSURE 56.8 PSIA
MIAT LOADING PARAMLTER .34852E#07 STU/MOUR/ATM/CUBIC FOOT

.a , BURNER OUTLET TEMPERATURE SURVEY ****
Io TEPP IU TEVI 10 TEMP ID TEMP IO TEMP 10 TEMP 7D TEMP

ANNULUS 1 2 1216, 6 1123m 15 1921. 19 1672. 24 1377. 27 l1, 36 168,

ANNULUS 2 A 128a 7 1167. 16 2C96, 21 1158. 25 1427. 34 1739 37 1787.
ANNIJLUS 3 5 1 d, t4 1a59, 17 1966, 22 1176. 26 1312. 35 1517. 39 1154,

LEFT S1DE .. a AIR INLET TUBE CONDITIONS ow* RIGHT SIDE
TOTAL PRESSURE 59.36 PSIA TOTAL PRESSURE 59,41 PSIA
STATIC PRESSURE 59.17 PSIA STATIC PRESSURE 59,16 PSIAVELOCITY DELTA P .42 "IKG VELOCITY DELIA P .72 1"NO

AIR TEMPERATURE 399. PEG F AIR TEmPERATURE 399, DEG F
AIR VELOCITY 10.92 FT/SEC AIR VELOCITY 133,94 FTSEC
DIFFERENTIAL PRESSUREI LEFT P-TOTAL)P(RIGHT P.TOTAL)3 a.@70 ONG

AIR FLOW DATAI P.MEF0 t.44.2 PSA DELTA Ps27.79 ONG T.REFu 95. ccE P

FUEL SYSTEM OATA
FUEL Fi/ FREQUEKCY 427. 1z VOLUmETRIC FLOW RATE 1.69 GAL/MR
FUEL 0kLSSURE AT /in 123.0 PSIA FUEL TEMP AT F/N s9. DEG F

ot PISCELLANEOUS TRANSDUCEP READINGS **
MANIFOLD AVERAGE OURNER OUTLET TOTAL PRESSURE 56,88 PSIA
COMPUSTOR OUTER CASE STATIC PRESSURE 58,61 PSIA (XOUCER 0 11)BURNER OIFFERENTIAL TOTAL PRESSURE 5.18 "MG CXDUCER p 13)

CHEMICAL ANALYSIS kESULTS a
GAS SAMPLES TAKEN IN PLANE 41

C02 3 18 X 02 17.300 CO 200,7 PPM CNX 1f.6 PPMNO 24.6 PPM NC2 13,3 PPP NDX 37,9 PPM (NO(NOIR) * NOU(NOUV))
NO AS Py PPM NO2 12.& 1,+ PPP NX 111l.1 ** PPM f CHEOILUPINESCENCE 3
EMISSIONS INOEX# LR/AR L8 FUELI COO 12.45 CHMx 1 .5

CMIMILUKINESCENCE NOX. Q-AP, NDIR # NOUV NOXe 3,66
L+ 4. I

CALCULATED FkJLL/AIR RATIO F PN CHEMICAL ANALYSISS .14602
CALCULATED COM4tSTfn% FFFICIENCY PROP CEMMICAL ANALYSIS, 90,5686 2

CHECK ON FdA 0 *1I0 F/A a 0R15143 wiO 02. CALCULATED 02 1 1S6.56 X

iOmax iNDEw: 7.17
SALTZMAN NOX a 44-o ppp

4 ~~~~~REMARKS: 2 . l,, . .N/v,

Figure 311. Final Prechamber Liner Modification "B" on Wall Fuel
Film Injection Parametric Test a+ BIT O 4OO*F.
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T63 COMBUSTOR EXPERIMENTS . RIG B/U 67# TEST SERIES 01, READING 0 917
T63 FINAL PREC4AMPERv MOD "8" RUNNING PARAMETRIC PERFORMANCE STUDIES,
TEST DATE: 0-11-72 READING WAS TAKEN AT 10411 6 HOURS

CYCLE POINT 7 S X POWER SETTING

EXPERIMENTAL CONDITIONS **
BURNER AIR FLOW 2.929 L6/&EC AVG BURNER INLET TENP 60l 0E6 F
AVG BURNER INLET PRES 60.4 PSIA AVG BURNER OUTLET TENP 158l, DEC F
AVG BURNER OELTA P 6.73 "HG PRESSURE LOSS 84? 1
OVERALL F/A RATIO .o9367 (F/) FUEL FLOW RATE 191.34 LB/HR
AIR LOO FACTOR 1.1929 PATTERN FACTOR 20978
OT HOT SPOT: 4 it a 1745. DEG F MAX bOT I AVG SOT 1.1it

FUEL INLET IEMPLRATLIE 92. DEG F FUEL INLET PRESSURE 56,4 PIA
MEAT LOADING PAkAMtTER .29922Be7 FTU/MOUR/ATM/CUBIC FOOT

BURNER OUTLET TEMPERATURE SURVEY *...
ID TEPP T0 TEMP ID TEMP ID TEMP ID TEMP 10 TEMP ID TEMP

ANNUtJS 1 2 1444. 6 1323. 15 1715. 19 1442. 24 1662. 27 ISBN 36 l545.
ANNULUS 2 4 1441. 7 1341. 16 1745. 21 1413. 25 1613. 34 145. 37 1546.
ANNIJLUS 3 5 12bo. 14 1732. 17 1629. 22 147t. 26 1428. 35 1484. 30 1296.

LEFT SIDE *.. AIR INLET TUBE CONDITIONS .** RIGHT SIDE
TOTAL PRESSURE 60.4 Pi1A TOTAL PRESSURE 6,46 P51*
STATIC PRLESSUF 64,16 P51A STATIC PRESSURE 00,17 PSIA
VELOCITY DELTA 0 .49 "HG VELOCITY DELTA P .63 ONG
AIR TEMPERATUKI! W.* DEG F AIk TEmPERATURE 6ll, DEg F
AIN VELOCITY 121.12 FT/SEC AIR VELOCITY 132,7 FTISEC
DIFFERENTIAL PRESSURES (CLEFT P-TUTAL)-(RIGMT PwTOTAL)) .114 ONG

AI FLOW DATAI 1-WF 104,4 PSIA DELTA P127.55 ONG T*REF@ 95. DEG F

FUEL SYSTEM DATA:
FUEL F/04 FWCGLE0Cv 374, 1Z VOLUMETRIC FLOW RATE 16.35 GALIHR
FUEL PRESSURE A! F/t 128,4 PSA FUEL TEMP AT F/N ego DEG F

.* PISCELLANEOUS TRANSDUC" READINGS ..
MANIFOLL) AVERAI:t buRP!Ek OUTLET TOTAL 7RE! URE 57,13 PSIA

JCOMAUSIOH UUTL4 CASE STATIC PRESSURE 59,6 PSI(A CDUCER a 11)
OLIWNE O1FFtkENTIAL TO1 AL PRESSURE 6,67 ONG CXOUCER 4 13)

* CHEMICAL ANALYSIS RESULTS I
'.3 SAMOLES TAKEN IN PLANE 01

COP 2,55 1 L-2 14,2@2 1 CO 91.9 PPM Cox 2,7 PPM
NO 3g.4 PPM. KC2 11.5 PPO NfV 56.6 PPM CMa(hDIR) * NOU(NOUV)3
NO 39,2 PPv KL2 4,9 PPM NCX 44,1 PPM t CNEPZLUNINESCENCE I
EP,14SIONS INDEX. LdIlCP4 LB FUEL: CON 6,40 CMX. .30

CkMLuINES ENCE NOX. 5.11, NOIR * NOUV NOXE 3.9M

CALCUtAIED FLEL.:41R RATIr FROP CHEMICAL ANALY$1S .11176
CALCULATED COIM4.1TVN EFFICIENCY FROw CMLPICAL ANALYSISI 99.7113 i

CHECK IN F/A *llTU F/A * .0121@7 W/O 02. CALCULATED O 8 17,475

Hi.. SPOKE INDE1: 2-e7
bALZ'.AN NON OSa 5's 7

Figure 312. Final Prechamber Liner Modifioation "B" on Wall Fuel

film Injection at Parametric Test Nominal Conditions.
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T63 COM9USTOR EXPERIMENTS . RIG 8/0 67, TEST SERIES 81, READING b 918
i63 FINAL PREChAKPtR, !OD "6" RUNNING PARAMETRIC PERFORMANCE STUDIES,
TEST OATES 9-11-7W READING WAS TAK!N AT 1729113 HOURS

CYCLE POINT Is 0 POWER SETTING

a aa* EXPERImEkTAL CONDITIONS a....
BUNNER AIR VLO4 2.55 Lb/SEC AVG PURNER INLET TEMP L3 2, DEG F
AVG. BURNER INiLfT PkES 80,e PSIA AVG bURNER OUTLET TEMP 1499, 0EG V
aVG BURNER DELTA P 9.18 "1G PRESSURE LOSS 7.51 X
OVERALL F/A RATIO 00848 FIP) FUEL FLO* RATE 82.74 LB/HR
AIR LOAO FACTUR 1031600 PATTLRN FACTOR *21.32
SOT HOT SPUT: 0 15 1625, DEG F MAX bOT / AVG BOT 160941
FUfL INLET TEkmftksURE 9f. DEG F FUEL I.:LET PRESSUHE 54,2 PSIA
HEAT LOADING PASAFETER . 8643L+P7 OTU/HOUk/ATMICUBIC FMOT

*... NUIJNER OUTLET TEMPERATURE SURVEY aaaa
It' TEVP 1o TEMP I TEMP ID TEPP ID TEMP TO TEMP ID TEMP

ANNULUS 1 2 1457, 6 1445. 15 1625, 19 1d40, 24 1591. 27 1d?56 36 1814.
4 ANNIJLUS 2 d 1470. 7 1466. 16 1624a 21 1448e 25 15150 34 1473, 37 1557.

ANNULUS 3 5 1389. 14 160e, 17 1b43. 22 1455, 26 1425, 35 1d43, 39 1421.

LEFT SIOE *.. AIR INLET TUBE CONDITIONS *a. RIGHT SIDE
TOTAL PRESSUkE 6d.l PSIA TOTAL PRESSURE 69,10 PSIA
STATIC PRESSuRF 5j.60 PSIA STATIC PRESSURE 50,6 PSIA
VELOCIY OELTA P ,AI 'HG VELOCITY DELTA P .85 "NG
AIR TEMPERATURE 102. DEG F AIR TEMPERATURE too, DEG F
Afr VELOCITY 183.29 FT/SEC AIR VELOCITY 187.54 FT/SEC
OIFFERENTIAL PRESSURES ((LEFT P-TOTAL)-(RIGHT P-TOTAL)) ,215 "He

AIR FLOW OATAI P-EtFs A4.7 PSIA DELTA Pv27.94 "HG T.REFu Des DE F

FUEL SYSTEM DATAI
FUEL F/N FREQUEKCY 233. 0Z VOLUMETRIC FLh RATE 11.14 GAL/HR
FUEL PRESSURE AT F/M 141.1 PSIA FUEL TEMP AT FIN 96. O F

M* ISCELLANEOUS TRANSDUCER READINGS **
- MANIFOLD AVEOAGe BJRNER OUTLET TOTAL PRESSURE 55,54 PIA

COMBUSTOR OUTER CASE STATIC PRESSURE 56e74 PIIA (KOUCIR 6 11)BURNER DIFFEWENTIAL TOTAL PRESSURE 9.17 NHG CXOUCER 4 13)

a CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

C02 1769 X a2 19,200 2 CO 22.1 PPM CHX 1.6 PPM
NO 22.5 PPM %02 2.4 PPM NOX 14,9 PP" WNOWHOIR) * NOICNOUV)
NO 20.1 PPM 02 .0 PP" NOX 16,1 PPM t CH9ILUMINESCENCE )
EMISSIONS INDEXt, LB/ISI LR FUELS CO. 2.54 MOIe 'N4

CHENILUMINESCENCE NOX8 39411 NDIR # NDUV NOXv 4.71

CALCULATED FUEL/AIR RATIO PROP COEPICAL ANALYSIS1 ,l631 1S
CALCULATED COMOUSTION EFFICIENCY FROM CHEMICAL ANALY#IS3 99.91) 1

CHECK ON F/A RATIO. FIA * 008489 /O 029 CALCULATEO 02 s 18a534 1 -
$MONE INOEXK.
SALTZMAN NOX 8AP.4 Ppp

Figure 313. final Prechamber Liner todlfioation "B" on Wall Fuel
Film Injection Parametric Test SIT lO00*F.
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T63 COMBUSTOR EXfhJMENTS - RIG B/U 67# TEST SERIES $1o READING 0 919
163 FINAL PRLCHAMALR, MOO *O' RUNNING PARAMETRIC PEkFOQMANCk STUDIES,
TEST DATEt 8-11-72 READING WAS TAKEN AT 1866146 HOURS

CYCLE POINT 7 g 1 POWER BETTING

EXPEQIMENTAL CONCITIONS ****

1 MNER AIR FLOw 20,31 LR/SkC AVG BURNER INLET TENP 507. OG F
AVG OURNER INLET PRES 32.5 PSIA AVG BURNER OUTLET TEMP 1503s DEG F
AV'G BURNER DELTA P 14.21 OhG PRESSURE LOSS 21.48 x
OVERALL F/A RATIO 051425 (F/IP) FUEL FLOW RATE 164017 LI/MR
ATN LOAD FACT04 2e0311 PATTERN FACTOR ,29729
BOT NOT SPOT: * 16 a 1772. DEG F MAX DOT / AVG BOT 141791

FUEL INLET TEMPIwNA1URE 95, DEG F FUEL INLET PRESSURE 27,7 PIIA
HEAT LOAOING PARA.'TEk ,57185Ee7 BTU/HOUR/ATP/CUBIC FOOT

*** B, RNER OUTLET TEMPERATURE SURVEY *att
10 TFP 10 TEMP ID TEMP ID TEMP 10 TEMP 10 TEMP 10 TEMP

ANIN'JLUS 1 2 1d37, 6 121e 15 1693. 19 1387. 24 1780. 27 156, 36 1534.

ANNULUS 2 d 142. 7 1294. 16 1772, 21 1337. 25 155. 34 1d4S. 3? 1575.
ANNULUS 3 5 t20, 14 1767. 17 1636, P2 1448, 26 1517, 33 1476, 30 130 ,

LEFT SIOE a.. AIR INLET TUBE CONDITIONS a.. RIGHT SIDE
TOT4L PRESStjiE 32,d PSIA TOTAL PRESSURE 32.68 PSOA
STATIC PkESSURE 31,72 Ps:A STATIC PRESSURE 32.e? PSIA

VELOCITY DELTA P 1.41 "IG VELOCITY DELTA P 1.8 "M

AIN 1EMPERATURE 598, DEG F AIR TEMPERATURE 9?, DCG v
AIR VELOLITY 281,23 FT/SEC AIR VELOCITY 244.s7 yt/'C

DIFFERENTIAL PRES3UREI I(LEFT PTOTAL)-(WIGHT PsTOTAL)I -.395 O ''

AIN FLOW DATA: P-.kFm 104,6 PSIA DELTA P927.13 OMG T-REFN $7 DEG F

FUEL AYS1M OATI
FUEL F/M FREOUENLY 386, )Z VOLUMETRIC FLOW RATE 16.84 GALI/R
FUEL PRESSURE AT F/P 135.8 P31A FUEL TEMP At FIN g, DEG P

a. 'ISCELLANEOUS TRANSDUCER READINGS .
MANIFO4) AVERAGE VURNEN OUTLET TOTAL PRESSURE 25.52 PSIA
COMOUSIOR OUTER CASE STATIC PRESSURE 3We6t PSI& (XOUCER i III
BUe R nlF EREN1IAL TOTAL PRESSURE 14.61 00G (MUCER 0 13)

* COEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 41

CO 2.858 X L9 165s 1 CO 651's PPM CMX $1, PP"
NO 9.8 PP4 hO2 el1 PPM NOX 1?,9 PPM (NOCNOIR) * NO1(NDUV|
No 915 Pp" %02 161 OPP kOX 19.6 PPM I CHEMILUINISCEMCE ) ,

EMSI3ONS INDEX, LB/1166 L6 FUELI COB 4A#64 CX.e 5.63
CWEOILU"INESCENCE OX@ 20210 NOIN . NOUv NOws fell

CALCULATED FUEL/AIR RATIO eROP CMEPICAL ANALYSISl .810634
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 9708.36 1

CMECn Ok F/A RA1IO- F/A 6 .6116234 W/ O. CALCULATED 02 6 15eO7, S

SMOKIE INOEXK
SALTZMAN Ox I . PPM

Figure 314. Final Prechember Liner Modification "B" on Wall Fuel

Film Injection Parametric Test at SIP - 32 psia.
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T63 CQIOUSTO4 FI~m *T RIG e/L' 67, TEST SERIES 81, REACING 4 928
T6 FINAL PCm~#EQ, I( "t)" RUN!kNG PARAMtTkIC PERFORMANCE STUOIES.
TEST nAT .: Poll-72 READING WAS TAKEN AT 1636155 HOURS

CYCLL IFOINT 7 P POWER SETTING

***** EXPERIMEgKTAL CONDITI0OKS **
OURNEP AIR PLO*& 2.035 LOYStC AVG bWRNkR INLET TEMP 661, OEG F
AVG dsikNE IiLkT PR-ES 92,7 PSIA AVG PURNIR OUTLET TEMP 1519. DEG F
AVG tiUklEN IItLr P 3.703 "W.G PRL5SURE LOSS 1.99 x
OVC.RALL P/A .RATIj: *141359 (p/I') FUEL FLOOW RATE 99.57 Lo/MR
AIR1 LOAD FACTORP 97M5 FATTERk FACTOR *38246
bar mUT SPOT: i 1857. DEG F 1,AX bOT / AVG POT 1923FE
FUEL INLET )0FPLMATUwk q3, DEG F FUJEL IKLET PRE35URE 87,4 P31A
OEAT LOAt)1NG PAR'mk TER .19170te?8 BTU/MOUk/ATM/CU6IC FOOT

6URNER OUTLET TEPPERATURE SURVEY ,,
Ii) TEPP 10 7EMP 10 TEMP ID TEP-P 10 TEMP 10 TEMP ID TEM4P

A&.%ULUS b 3~ 126a, 15 1IM,. 19 1405, 24 1766. 27 1607. 36 1521.
ANNIALuS 2 4 13233. 7 1W~1. 16 1i-,57. 21 1408, 25 1677. 34 1392, 37 1524,
AN~iJLUSJ 3 5 11047, 14 1717. 17 1730, 22 1553. 26 1419s 35 1376. 39 1269a

LViT 310kot AIR INLET TUdE CONUITIONS ,.RIGHT SIDE
TOTAL PFlES1ikE 92,69 PSIA TOTAL PRESSURE 92.66 PS1*
STATIC PkE 3110 (I.J44 R314 STATIC PISESSURk 92,55 PSIA
VFLUCITf OELTA P .59 "IG VILIJCITY DELTA P 2aa ONG
Al'. ltPtRATI.14 6A1. LAG F AIR TEPERATURE 681. DEG F
AIR Vk-UCITV 98,73 FT/SEC AIR VELOCITY 71.58 FT/SEC
DIFFtNENTIAL P rSSVRE1 (LfFT V.TOTAL).CRIGMT PvTOTAL)) *423 'HG

A14 FLUw DATA' 'W"03 1A95,2 PS1* DELTA P926,39 ONG T*OEF* 74. 016 F

FUELI SYSTM 0*11L .RIMTuPP'w AE 139GLH
FUEL F/N FREQUJENCY ado, -4 nUERCFOWRT 69 AM
FUEL PRES~SURE AT Fi 135,6 PSIA 8tjtL TEOP AT P/K 94. 016 F.

P13ICLLANEOUS TRANSOUCLA READINGS
MANIFOLD AvtR*Gt PLNhR OUTLET TOTAL PRESSURE 96,63 P61*
CoweoSTroI OUTFO CAbf STATIC PRESSURE 9#.67 P81* (KOUCEN 0 is)
dURNER OIFFfqENTIAL TOTAL PRESSURE 3,76 *MB (XOUCIR s 13)

CHEMICAL ANALYSIS RESULTS
GAS SAMPLES TAKEN IN PLAN9 *1

CQ2 2,700 1 N 0 776 1 0 35.9 PrM CNN .4 PPM
4O 69.6 PPm kC2 19.6 PPM NoN 6$at pPo (NO(NOIR) 0 ttOICNOUV)1
NO 7117 PPA Not 's PPM ON 7.ye? Ppm t CMEILuNINgsCINCEI
IMISSIONS INDEX$ 1.8/1066 1.O FUEL$ CC@ 3.50 CNN' off

COLMILUMINESCE4CE NDA 0.37 Noll NCUV NOXG 6.50

CAtCLILATEV FUEL/AIR RATIO FROP CHEMICAL ANALYSIS$ 116161
CALCULATID COMIUSTION EFFICIENCY FROM CMEMICAL ANALY8ISS $9,4018 1

CHECK ON F/A RATIO. P/A a *611091 k/G 0f* CALCULATED 01 s 001 X

SALTZMAN NON a 9. PrM
.....in... .... e........OeOieee.S6@OS~SS

figure 315. Final Prechamber Liner Modification "B" on Wall Fuel
Film Injection Parametric Test at DIP a92 pasa.



T63 CUuToI E f I.JLTS C RIG F/U 67, TEST SERIES 81, KEAOLNG 6 92
T63 FINAL POECHA~bER, MOD "J" RLNNIG PANAMLTRIC PERFORMANCt STUDIES.
TEST OATE: A.-72 READING bAS TAKEN AT 190?: 6 HOURS

CYCLE PUINT 7 0 1 POWER SETTING

.**EXPEIMIIWAL CtrhNITIOKS .,
dUqNER AIR FLOW 2.W L"/StC AVG PUhNER INLET TEMP W. DEG F
AVG BURNER INLET PkES 6;1.6 PSIA AVG PURNER OUTLET TEMP 1019, DEG F
AVG BURNER OFLTA P 6,40 "PG PRESSURE LOSS 5,26 t

UVE4ALL F/A WATIO WO20 (F/0) FUEL FLOO RATE 59,85 LB/HR
AIR LOAO FACTUk 1rOWg7 PA1TfQN FACTOR ,32129
BUT MIT SPOTI 16 6 1273. OtG F mAv 60 / AVG NOT 1,1475

FUEl. INLFT TEMPtRATURE 93. OkG F FUEL IPLET PRESSURE Sdg P31A
HEAT LUAOINr PARAWeTER .176t5Ev7 bTU/HN0R/ATP/CUBIC FOOT

" 8 *BURNER O1TLeT TENPERATL.k SURVEY
In TEPP 10 TEMP I0 TEPP In TEPP IO TEMP 10 TEMP I0 TIOP

ANNJLU015 I P. IB. e 1e3. 1$ 1255, 19 1879. 24 1189, 27 111$, 36 1176,
ANNULU5 2 4 11"g, 7 IBiS, 16 1273o 21 1054, 25 12e. 34 104S. 37 113,
ANNULUS 3 5 969. 14 1151* 17 1199, 22 1849, 26 1019. 35 1837, 39 994,

LEFT S3Of A INLET TUBE COPQITIOS "A RIGHT SIDE
TOTAL FFSSIJRE 6,.50 PSIA TOTAL PN(SSUqE 60,61 PSIA
STATIC PNE3SURF 60,13 PSIA STATIC PRESSURE 03,41 PSIA
VELOCITY UELTA P ?a *1G VELOCITY (ELTA P 41 *No
AIR TOPERATUf G0, OEG F -AIR TPPEIATURE off, 096 F

AIR VELOCITY 150.42 FT/SEC AIR ILOCITY 114*90 FT/SEC
OIFFRENTIAL FRfSUREI (LifT P-1OYAL)--(RZGHT PwTOTAL)2 *,216 1NG

AI'4 FLO'. DATAI P.N(Fs 106,9 PSIA DELTA Pab,63 *NO TeRIfv 7, 0(6 F

FUEL Sv$TtM OATA:
FUEL F/M FREQUEnCy 222, !Z VOLU"ETRIC FLOW &ATE 9,66 GAL/PR
FUEL PRESSURE AT FN 151,5 PSIA FUEL ?IMP AT P/ 3. OiG F

60 PISCELLAkEOUS TRAKSOULER READING$ 9*
06NIFOLO AVfRAGE HLONER OUTLET TOTAL PESSURt 57,37 PSIA

COMU3TOR OUTER CASE STATIC PRESSURE $gee PSil (NoUCto 0 11)
SUR t* DIFFEkEN1IAL TOTAL PRESSURE 8.31 ONG (ADUCER * 13)

a C4E"ICAL ANALYSIS RESULTS *

GAS SAPLE$ TAKEN IN PIANE *1
CO2 1853 1 02 19,580 1 Co 45,0 PPM CMX lo's OP
No 3,4 PPM %09 1,4 PP" NO% $,a PPO IkNC(NOl) # "Ot(kOUv)J
NO I's PPM NOt l.t PP NOX 3.9 P0 1 CPEOILUPINECINCIE I
EMISSIONS INOEI. LI/ISOO LB FUELI COs 04,64 CXS 34*41

CNEMILUNINESCENCI NOX9 ,7ys NOIR * NQV "NON* 1014

CALCULATEO FUEL/AIR RATIO PROP Cu4EICAL ANkLYi161 .Oss4se
CALCULATED COPIUSTION EFFICIENCY FROM CHNICAL ANALYSISi 94,SSPS I

CNECK ON P/A RATIO- F/A , 11619 W/O Ol CALCULATIO O a 10.9lf I

SPOKE INDEXo 2.51
SALTZMAN NON a PPp

Figure 316. Final Prechamber Liner Modification "B" on Wall Fuel
Film Injection Parametric Test at DOT - 110MF.
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rti, CurltiuS1U-q YvpcutsS - R16. 81V) 67, 1WT StRIES bit REAIN6 Al 922
Tha.. PINAL P~~Atti P'Y '14 1W4NK PAbA'4ETRI PERFORM'ANCE STUDIE3.
IEST OATEU h1 REAfl1NE *AS YAKFK At 1928150 NOLIRS

CYEL Polt~r 7 0 POWER SETTING

e~-ii AIR FLV P.;14 LEF/StC AVG kU91MER IPLEY TtMP 60f, DlEG F
AVf; d'RNEk T1400T P145 40, PSJ* AVG bUJANIR OUTLEY TE..P 1710. DlEG F
AVt, OtI)I4~M VELTS P n,6 WI.G PRESbURE L03S 4
OVE.4ALL 14 R*TIt *f 1727 (P/P) FUEL FLOW RATE 125.20 LU1/MR
A14 LUAU FACTt)N 1141413 PATTERN FACTOR .36134
b C n~l ScTf a, it s 12ui. J; . F VAX boy I AVG "ot ;,2352
FuJkL !aNLfT "Pw1. fl3. DEG F F~14L. INLFT PRES34aRe 5?.2 PSI*
"FIAT LOAOPhr, 040WER *.319~ip7 9Tk,/b(rL'i/ATM/CUS1C FOOT

IC.' TkfI 01 ) TE-4P It, TIMP TOJ IE.P 10 TfEMP TO TE.'P 11) T[P
ANKOLUS 1 2 lt.@1' 15 16;14, i16.2429.7 S2 4 1721.

1411U 4 ~ 7 '. it, 212'. P1 1612, 25 I9*7, 34 1617, 37 16'3
AN'.ULuS 3 12tiv. 14 2i"12. 17 24,22 1773. 26 1672, 3 1536. 39 !3,0.

L.EFT $*Otg it.o Al I'LkT TIvAt 4nLr~1Toks too RIGHT $:of
TOTAL WQE3310 6 "., kI 5A TOTAL PRESSURF 60.13 PS1*
3101iC PktSSL;.Ak tq7 M&1 STATC oNgISuR 59.76 Psi&
VEL#e)C1IY CMFITAr '47 61, VELQC IT DELTA P '74 ONG
Alk TtPtm&Tumt $I?, Ott. f Alfe 1fPPJMAJLkE 641a DC6 F
*1W 0tLJCZY 114.22 fT/SEc Alf VELOCITY 144.70 FTISIC
U0FEN411A P-0531,10tt tML'1 P. OIAL06fWI41NI P*?OTAL)) 0*231 Ops

AlQf kld~ UAT61 9.'.V4 JAN,? PS I 4 t%*LYA 0026,40 ONG TeREff ?I. DEE P

UfL F/Pi F'FJ% 46a. N VOLLVbCTRIC PLO* 4AT1 20*3 CALM*
FUi. PESSUiat At #ij w tit.$ P311k #UtL TIAP At F/N 0a. DEG F

PA#,IFOLO AvtftA(,$ lik0 nJT~tt TCtAL P#UESSLI1 36,01 0$14
CC'POUSTO, CUjTE& LAit 31&'!C P~t.SSIIR 59,00 PSIA (144,CE a 11)

GAS SWPLIS TAKtk 1'4 PL~etk *I
cc? 410oe 1 r2 16,9,vo I Ce 104.t PP'S CMN I's poh
hr, 644 FRO AP IS.? pps* 401 ?A's PONS 10(lor!0)R 0 lSt(Alouv))
0 ~.45. PP.6 .p 410 PPip k1ay 66,1 PO I C"101LOUINISCINCEI

EPISSOWS '%tk L511t0A Ld P'JELt CC* 5I0? C141 *10
CtILu0I%1SCUCt 'Iv set&# %OI0 ou GUV 40 * 4*

C* "'CULATI" FLCL/AI.' Q#TID POOP' tt'PICAL A~fLY4IS3 .9P14041
CALCu7LaTED C~$S''LFPIr'd~C'i FMCI* CNEJOCAL AMA$,V0hSI 907004 1 3

CO'CC Oft F/A OA110. VIA s of144 ' p/0 09. CALCULATEDf 0* t#6.,4 I

5AC~Z1MA' NO* 0 a~ POP

Fisuare 317. Vicil eha~' tiner tModif Ic - -or. "B" on Wall Fuel
Film Inje~ction iarsmetric Twat 4r SOT m 700"F.
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T,) CwO',3!~ 
N 

A-~c / 57 ~ eU EADING ft 92~3
TkSr !'ATE: 44. -1k ~ kEAL1ING hAS TAKEAK AT 19l5348 HOURS

CYC.~k P J~IN 7 
9 1 POOER SETTIN.G

41PILN~ A1'( I'~ I*f Lb/SFC AU4 tUh~tR IAT TEMP 36a, fG FAVG) Flj&-4W& TL'T ItS h..! .3 P53* AvE, bLINER ULJLET TENP 15e3. DIEG FAV( 1 1*f 1u'E PLY. PA i,59 W1-G PQE65tJh-E tOSS 1.' 21Cy~tAL F/A -44TI- .*41445 (F/pp) F1JLL FLC)a RATE 52,59 Lu#WRAIR LO~A' FArT~jw 4s PA1TtIRK tACTOR .37392t~: Ir S~; /a 1A4P. Ut6 F 1,A t') / AVG btnT 12259PHaL VLt' Tp1pA14 %J2 0 (G F FUH. Jr-LET IPrSUA' 56,~ !i F1~ ~VAI.,[A~, ,N;PTbk7 frTI ,I~C~ujTP/CUjh3C FaCT

T' 1:1 -0* f T f 40 I TkIP I i TF1P IC~ YEOP It ?EPP143.S.I 1' Ift~ 15 lt~y 19 04&d. 24 19P5. 2) 141-4, 36 145fl,W 4!41./ It, 1Jq. P1 15 2, 25 17 7 v, 3d 1415. 37 1426.
Lt 3~O 14. *SA .Lt 7 L~ Cf3? 032 1W. 26 . 35 016. 31 101

idI C1 T owsirpF& rt424 P51 10AL(S!'V ALTA 66,3 *U5

~ ~ e Y . S~ , EG f AIN[ t w ATt;iA- 5ge t, GAl- fi' CT 5;1"!3 "415tc Alm %ELOCI.Ti 47.69 FT13EC

4*-- FLL 06A P i t, I tf~ RStA C * Pw tkq,93 Ok, Ta' s It. DEG

#I~t .5ii S? P SI& FltL 'twpF AT Pt"A 9i, ODE 0

4 l i i ~ 7 t C . ~ a ? 4 e * ~ S j .L 6 .I i S l A ( 5 Ou A I I I a 1 1 )SCt 4 0 
11;k 0 IL Tf,-1AL O'iL63Lg1t15 "S~ Csrowcto a 13)

4AS Sh"PLE5 TAlfh It' PL1 *I
I2 ~ Lt. 46. Proi C#42 * postk~~0, ~ 42 0,7 $100 kcI- 09.0 POOP~ th(f,0lk) Ntt*u)9.' 7t.7 mv P( 0ON' %ON 71.? #on~t1uPS h4ATS310kS Twisx ttiSvi 4.. PFLt cte 3,1# Close sCP11'!Luw1*SCfJCf &Cis $03p, %CII* %0uV %010 19.1

Cb&.,LAT*V OAtLDIli *14111) fku CIR&WICaS. ANALY5151 013252C*LCJLA~ttU LOC .WSTlet, fFfIP..L fb~f C"tI"ICAL AhALY9111i 99.1?10 1* C'ECA O'v Pt. OSIXUO fi& 6 .#140F~ *,PQ Ct. CALCIJLJ'EO 02 * IY*094 2
3ftoxt Iftntit)(

1*0*"* hot a 90 a pop m.. eee

Figure 318. Final. Prechamber Liner Modification "I" on Wall Fuelrumji Infection Panametr!, 7ext at Airflow a 1 lb/see.



Tt3 Comt-uSfl'kPOi ~I ,PF-JT - Rl F/U 67 p IFST SERIES 81, kEAOING At 924
T'&3 FINAL PECkL~P, f-f '18" kLNNIKd, PA'kAMETk1C PEkFLJRIRAhCE STUDIES,
TPT UAUT: @-11-7e READING IAS TAKEN AT 201g1 4 MOURS

CyH.Lt PnIrN7 7 P % PONEP SETTING

wv* : EPERImENTAL LnNtV1TlONS***
'3 L.;N AIR L.'W ;,9 Lh/SLC AVG 6UNNER INLET TErP 6e1, OEG F
AV[; bjt"Sk INLF.7 PPS 6.3 PSIA AVG bIJRNER OUTLET TEMP 1497, DEG F
AVb n 1 O -LTL P 13.4q "RG PRESSUAE LOSS 10999 x
CVt4ALL F/A 'iATIO V1350 (F/P) FUEL FLOW RATE 137,12 L8/HR

AI LrALD FAr.TO4 l 5t18 PATIERN FACTOR ,26638
kO' "0T SPUTI 8 14 0 1736. OLG F 1AA 60T / AVG OT 1.1594
FLdL I,'LET TF'lP1-.HIU,1 '43. D CEG F FriJL INLET PRESSURE 55,5 PSIA

0ET LOADI'4; PkAf-ET .J4605E+V7 eTU/Uk/TP/CU8IC FOOT

R,* NRER OUTLET TEMPERArURE SURVEY **,.
li; rt'F T0 1t MP ED TEMP ID TfPP ID TEMP ID TEMP I TEMP

hNNkiL15 I 2 l', w 1A9. 15 1681. 19 1396. 24 1730. 27 1574. 36 15e2.
A'NJ-,5 2 . 7 1312. 16 17,3, 21 1411, 25 1679. 34 1441, 37 1512,
ANUL,S 3 5 126. 14 1736. 17 1575. 22 1466. 26 1497. 35 1424, 39 129?,

LEFT S It) **A AIR I:qLET TUBE CONUITIONS **. RIGHT SIDE
TOTAL PtSSuPE t,22 PSIA TOTAL PRESSURE 60,30 PSIA
STATIC PRESSJkE 59,61 PSIA STATIC PRESSURE 59,57 PSIA
VELtOCTTY DE,4 1.22 "MG VELOCITY OELTA P 1,49 "HG
AIw TEMPEWAT, 'E 6,1. DEG F AIR TEP ERATURE 681, DEG F
AIk VELOCITY I1,58 FT/SEC AIk VELOCITY 211.48 FT/SEC

CIFF.FNIIAL PtS5URE: [(LEFT P-TOTAL)-(RIG4T P-TOTAL)l -,182 "MG

AIk FL(' DUATA: 1-hqFa 194,1 PSIA DELTA F854,84 "HG T-REFN 70. DEG F

FUEL SYSTEM CATO:
FUEL F/M FHE(3UEKC 5(6' 1qZ VOLUMETRIC FLOW RATE 22,15 GAL/MR
FUEL PRESSuRE AT F/M 125.3 PSIA FIEL TEMP AT F/M 94, DEG F

'* 'ISCELLANEOUS TRANSDUCER READINGS *
MANTFOLD AVeRAGE Htt*hEh OUTLET TOTAL PRESSURE 53,63 PSIA
COMOUSTOk UtLTER CAbE STATIC PRESSURE 58.23 PSIA CXOUCER 4 11)

dUFNER DIFFEPENTIAL TOTAL PRESSURE 13,40 "MG CXDUCER 4 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE #Ii

C02 2,205 % 02 18,200 X co 119,9 PPM CHX 1.2 PPM
NO 93,2 PPM NC12 9,0 PPM NOX 32,5 PPM [NOCNDIR) 4 NO2CNDUV)l
NO 23,6 PPM N02 9,0 PPM NOX 33,4 PPM C CHEMILUMINESCENCE I
EMISSIONS INDEX, LB/t1I00 L8 FUELI COI 8167 CMXv .14

ChEMILUMINESCENCE NOXx 3.96, NDIR # NDUV NOXv 3,8

CALCULATED FL'EL/AIR RATIO FROP CHEMICAL ANALYSISI 010405
CALCULATED COM6IISTICON EFFICIENCY FROM CMEMICAL ANALYSIS 99.7128 X

CHECK ON F/A RATIO- F/A 0 1003 W/O 02, CALCULATED 02 ' 17920

SMOKE INDEX:)(
SALTZMAN NOX 4cPPM

Figure 319. Final Prechamber Liner Modification "B" on Wall Fuel
Film Injection Parametric Test at Airflow 3 lb/sec.
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T63 CUMluSTOP FxPtkI1hrs - RIG e/U 67, Tf$T SERIES 82, READING 0 925
T3 FINAL PJCHeEk ?r) "B" -,. PAkAMFTkIC STUCY 04 PRESSURE NOZZLE,
TF3T OATe: 8-l2-72 RE.AING .AS TAKEN AT 10431 5 HOURS

CYCLE POINT 7 0 X POWER SETTING

t** XPERJt4F.' TAL -ONDItIONS **

BURNER AIR FLOW I,'9 ! LP/SEC AVL, BUFER INLET TEMP 201, DEG F
AVG BURNER -.LFT PI$S 54.9 PSIA AVb UgNE OUTLET TEMP 1505, OEG F
AVG bUwNEQ DELTA P 4.17 "K PRtSSU E LOSS 3,47 %
OVERALL F/A RATIO .17 1 F FUEL FLU RATE 12745P LB/MR
AIR LOAD FArT,1R , 77 PATTERN FACTOR .45351
OnT HOT SPOT: & 3/ a ;II , DEG F MA' POT / AVG SOT 1,4017
FUEL INLET TmPkkAILJ'E A7. DEG F liItL INtET PRESSURE 183,5 PSIA
HEAT LUAUING PARAMETER .38632t*V7 1UTUIHUURJATM/CUPIC FOOT

*.'* ~3tUkrER OUTLET TEMPERAILIPE SURVEY **,a
I TE'k Ii) TE4P IL TEMP IC. TLfrP 10 TEMP 10 TEMP ID TEMP

ANNULUS 1 P 1174, I I171. 0 1769. 1'9 1346. 24 1 49. 27 1539. 36 1879,
ANNULUS 2 4 1103. 7 Ito, 16 1 . 21 1044, 25 1466, 34 1692, 37 2110,
ANNULUS 3 5 1141. 14 1422. 17 1073. 22 1I14,. 26 1377, 35 1782, 39 1545,

LEFT SID E** AIR INLET Tt'HE CONDITIONS *** RIGHT SIDE
TOTAL PIESSuWE 9,92 PSIA TOTAL PRESSUPE S~ge PSIA
STATIC PRESSURE A.7p PSIA STATIC PkESSURE 58.80 PSIA

VELOCITY r)ELTA F .29 "MG VELuCITY DELTA P .29 "MG

AIR TEMPERATI)RE 2A1, OEG F AIM TEMPERATURE 201. DEG F
AIR VELOCITY 73.72 FT/SEC ATR VELOCITY 74.44 FT/SEC

DIFFERENTIAL PWtSSLJPE: (LEFT P-TOTAL)-(RIGHT P-TUTAL) -,064 ;IHG

AIR FLOO DATA: P-fkFm 115,6 SIA DELIA P925.91 "MG T-REF4 92, UEG F

FUEL SYSTEM OATA;
FUEL F/M FRF JWLECY 469, HZ VOLUFETRIC FLOW RATE 20,53 GAL/MR
FUEL PkESSURE AT FIM 291,2 PSIA fUEL T4MP AT F/M 87. DEG F

** MISCELLANEOUS TRANSDUCER READINGS **
MANIFULD AVERAG SURNER OUTLET TCTAL PRESSURE 56.89 PSIA

COMBUSTOR OUTER CA6E STATIC PRESSURE 58.63 PSIA CXDUCER I 11)

BURNER DIFFERENTIAL TOTAL PRESSURE 4.13 "MG (XDUCER 0 13)

* CHEMICi. ANALYSIS RESULTS
GAS SAMPLES TAKEk IN PLANE NJ

C02 3.522 02 18,250 X CO 107,7 PPM CHX 2,0 PPM
NO 23,2 PPM NOP 12,3 PPM NOX 45.6 PPM CNO(NDIR, # NO2(NDUV))
NO 26.5 PPM N02 8.8 PPM NOX 35.3 PPM t CHEMILUMINESCENCE
EMISSIONS INDEX, L/1000 LB FUELI COG 19,37 CMX@ .17

CHEMILUMINESCENCE NOX8 3.2P, NOIR * NOUV NOXe 3,23

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS: .616895

CALCULATEU COMBUSTION EFFICIENCY FROM CHEMICAL ANALY3S1 Oio,729 2
CHECK ON F/A RATIO- F/A 8 .916027 W/O 02. CALCULATED 02 v 16,01 1 0

SMOKE INDEXI 34-4
SALTZMAN NOX a PPM

FigurL 320. Final [rechamber Liner Modification "B" on Pressure
Atomizer Injection Parametric Tesc at BIT - 2000F.
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T63 COfl.BosTnk FxHtJmENTS - RIG b/U 647, TIST SkRIES 82, READING 0 920
T63 FINAL. PR LH01HF4 MOD "8" a PARAMETRIC STLUY ON PRESSURE NOZZLE.
TEST DATE: e-I- 7? READING MAS TAKEN AT l118! 3 HOURS
CYCLt POINT 7 0 % POWER SETTING

***** EXPERIMENTAL CONLITI NS *****
OUKNtR AIR FL(fl 2,033 L@/SEC AVG bUkNtR INLET TEMP 891. DEG F
AV; bliNtH INLF PNES 54.8 PSIA AV6 BURNER OUTLET TEMP 1498, DEG F
AVG OIjRNER PELTA P 6.iR "HG PRESSURE LOSS 5.42 X
OVERALL F/A RATI ,01344 (F/P) FULL FLOW RATE 98,34 LB/HR
AIR LOAD FACTOR 1.iP67 PATTERN FACTOR .34246
OCBT nOT SPOT: I 16 g 140. DEG F MAX bO! / AVG BOT 1.2050
FiIEL INLET TFmRLNA11URE 93. IEG F FltiL INLET PRESSURE 134'6 F&IA
MEAT LuADINPA 1ATER .293.5PE#V7 PTL'/HUUk/ATM/CUBIC FOOT

*'** HUkNER OUTLET TEMPFRATURE SURVEY ****
In Tk*P 11 TEMP ID TFMP ID TkMP I TEMP ID TEMP ID TEMP

ANNULUS 1 2 137w, h 1317, 15 1752, 19 1485, 24 1616, 27 1585, 36 1747,
ANNULL13 2 4 1325, 7 1333, th 105. 21 12W9. 25 1563, 34 1468. 37 1686.
ANNULUS 3 5 121,. 14 1645. 17 1655, 22 1325, 26 1447. 35 1404, 39 1315,

*LEFT SIDE ati AIR INLET TUBE CONDITIONS *** RIGHT SIDE
TOTAL FWtSSOJWE 59,78 PSIA IOTAL PRESSURE 59.07 PSIA
STATIC PkSSUIE S9.42 PSIA STATIC PRESSURE 59.65 P31A
VELOLIY DELTA .,75 "IG VELOCI1Y DELTA P '46 "G
AIR TEMPEkATUk 6911. OhG F AIR TEPPERATURE 611. DEG F
AIk VELOCITY 15Ao1h FT/SEC AIR VELOCITY 116,65 FT/SEC
011-FLrENTIAL PNFSS)RE: (CLEFT P-TOTAL)-(RIGHT P-TOTAL)l -,176 "MG

AIR FLOW DATA: k-kFw 115,2 PSIA DELIA P&27.51 "HG TwREFS 97, DEG F

FUFL SYSTEM DATA:
FUtL F/K FREQUENCY 383. IZ-- VOLUPETRIC FLOW RATE 15,8? GAL/MR
FUtL PNkSSURF AT F/m 296.0 PSA FUEL TEMP AT F/M 92 DEG F

.. MISCELLANEOUS TRANSDUCER READINGS .*
* MANIFrLU AVE.AGE HURNER OUTLET TCTAL PRESSURE 56.58 PIIA

COMOUSTOR OUTER CASE STATIC PRESSURE 58,63 P51A (EOUCER 0 11)
euNNER UIFFERENTIAL TOTAL PRESSURE 6e52 NMG CXDUCER a 13)

CHEMICAL ANALYSIS RESULTS
GAS SAMPLES TAKEN IN PLANE 01

CM2 2,65V 02 17.500 X CO 59,6 PPM CNX .2 PPM
NO 38o6 PP;i NUP 7o2 PPM NOX 43,6 PPM (NO(NOIR) * NO(NDUV)]
NU 39,2 PRM NVp 1,9 PPM NOW 411 PPM I CHEMILUMINESCENCE I
tMISSIONS INOEX, Lb/1000 Ld FUELI CON 4,38 CMX. ,18

CmtMILUMINESCENCE NOWe 4.93# NDIR # NOUV NO~e 5.25

CALLULATED FI;EL/ATR RATIn FROP CHEPICAL ANALY3IS: 13'181
CALCULATED COM9IJSTION EFFICIENCY FROM CNEMICAL ANALYSISI 99.6702 1

CHECK (IN F/A RATIO. F/A * .012476 N/O 02. CALCULATED 02 a 17,39 0

SPOAE INDEX: Z .73
SALTZMAN NOW PPM

Figure 321. Final Prechamber Liner Modification "B" on Pressure
Atomizer Injection Parametric Test BIT = 200"F.
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T63 CumiLSrIn tWx'kJFT5 - RI 'i/U 67o ILST SERIES 02v READING 4 927
T66 PINAL P ECHAPI'el 1400) #1441 - PARAf.E N!C STUDY ON PRESSURE NOZZLE.
TEST PAYE~: Q-Jl2-7? kEAUING WAS TAKEN AT 1154348 HOURS

CYCLF PI3NT 7 0 % POWER SETTING

*4**, EXPEIM~ENTAL CONDITInNS***
8WJtw Alk FLO-1 2.018 LB/SEC AVG b(1kNLR INLET TEMP 1901. DEG F
AVk, hkikii IN'~TLLT PRN 60 f 0A. 'S IA AvC6 bURNER UUTLET TEMP 1503, DEG F
AV,; hi.JIkNtN CWLTA k' 8.56 G PkESSURE LOSS 7.99 2
UVtqALL F/A KAT~t) *~MPi47 (F/11) FUEL FLOW~ RATE 60.82 LB/MR
Alw LOAD P;ArIOR 1,2,428 FAITfPN FACTOR .30074

"I pr"!5" a it. a 16454, bhG F MAX bOT / AVG OOT 1.1094
Fut. INLtT YFM~ItRU*0 48. DEGi F Ftjt - INLET PRESSURE 87.6 PSIA
?4PdAT LOAV!NJG PANArF.Tkk .16054tWA bTiI/MfHbR/ATM/CUBIC FOOT

41-IRNEw OUJTLET TEmPERATURE SURVEY a.
IL, TF~lv 11) TE^IP TO) TEMP TO TEMP ID TEMP 10 TEMP ID TEMP

A.%NIjLUb 1 2 14ho 6 14z7. 15 1643. 19 10~6, 24 1576. 27 1493. 36 1631.
ANNULUS 2 4 t454. 7 14i5. 16 16*4. 21 1427. 23 1515. 34 idea. 37 1535.
ANiNILS ~3 S 140A Ja r37 1. 17 15.03, 22 1437o 26 1449, 35 1473. 39 1369.

LEFT SIOE . AIR INLET TU13f CONDITIONS *** RIGHT 310E
TOIAL PRLS5iJkF 64,917 PST& TOTAL FRESSURE 6.14 PSIA
STATTC PxeSS;ip~ 59.A7 PSIA STATIC PRESSURE 59.71 PSIA
V0LOCIY L'ELTA P~ '02 "I-G VFLOCITY DELTA P .87 "HG
A1l-VtEmPENATuP'F 1AHI. DEtG F AIR TEPERATURE tel1. DEG F
Afk VELOCITY 1A4.,34 FT/SEC AIP VELOCITY 169.66 FT/SEC
0-1PdFELvNTIAL PRESS.NEl MCEFT P.TOTAL).CMIGMT P.TOTALI) -.142 PMG

AIR~ 9LOW CATAI I-NE~f 101,0 PSIA DELTA P§27930 "HG ToNEPO 169. DEG F

FUEL SYSIF.M DATA:
FUtL F/M HRaUEiCf P26 Pz VOLUhETRIC FLOW RATE 0*8d GAL/HR
FUEL PHESSURE AT Pd/M 314,2 PSIA FUEL TEMP AT F/M 9il. DEG F

'amISCELLANEnUS TRANSDUCER READINGS$a
PANIFnLi) AVF4A(E FLARNER OUTLET TOTAL PRESSURE 55.96 P3IA
COP-~iUSTOR OUTE'W CASt STATIC PRESSURE 58,79 PSIA CEDUCER a 11)
OURNLR UIPPERENtIAL TOTAL PRESSURE 6.49 "HG (XOUCER a 13)

aCHEMICAL ANALYSIS RESULTSa
GIAS 3A'4PLES TAKEN IN PLANE #1

C02 1,778 2 02 14,604 CO 16.6 PPM CMX so PPM
NU 46,4 PP~M NOVP 4.2 PPM KON 50.6 PPM (NOCNDIR) # NOR(NOUV)I
Nnl 47.0 PPM N0g2 a PPM Now 47.1 PPM I CHEM.[LUMINESCENCE I
EISAAONS INnEX. LM1I'0S LB FUL0 COa 1.93 CNX4 .14

C."kMILIMINESCENCE NON. Sege. NVIR * NOUV NoN' 9.6s

CALCULATED FUF.L/AIP RATIO FRUF CHEMICAL ANALYSISI .008590
CALCULATEC cHkUS7iN EFFICIENCY PROM COLMICAL ANALYSIS, 90.9021 1

CHECK ON F/a IRAT1Ow P/A a .668532 kJ0 OP. CALCULATED 01 8 114512 x

SPOK(E INDENS t .
SALTZMAN NCX 'J75ppl

Figure 322. Final Prechamnber Liner Modification "B" on Pressure
Atomizer Injection Parametric Test at Nominal Conditions.
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TOA %,i.MBUSTOR FjA~ki"ENTS - RIG LA/U 67, TEST SERIES 8?, READING a 928
T 6. PI4AL PNCELHAMFil MOO "'" - PARAMETkJ' STUUY UN PRESSURE NOZZLE.
TEST O)ATEI R-12- 7 READING WAS TAKEN AT 1223131 HOURS

CYCLE POINT 7 0 % POWER SETTING

**.* EXPERIMEKTAL CONDITIONS ***a

btiREkE AIR FLu. 2.d3 LR/SEC AVG BURNER INLET TEMP 596. OEG F
AV(s nURNEN ILET PPES 60,0 PSIA AVG bLIkNER OUTLET TEMP 1508. DEG F
AvG dJikNEk DkLTA P 13,14 t' G PRESSURE LOSS 1,70 %

* OYERALL F/A RATIO .1366 (F/P) FUEL FLOW RATE 139.24 LB/HR
AI4 LOPO FACTnR 1.S341 PATTERN FACTOR *29119

* SOT HOT SPOTI a 16 a 17k?, DEG F MAX bOT / AVG OCT 111810
FUtL INLt.T TEMPeEkAUPE 98. VEG F FIEL INLET PRESSURE 202,8 PSIA
HEAT LOADING PANAMhTER .41437E1N7 BTU/NUUR/ATM1CUbIC FOOT

**., URNER OUTLET TEMPERATURE SURVEY *.**
Io TEPP I) TEMP TO TEMP ID TEMP 10 TEMP 10 TEMP ID TEMP

Ai.LIJiLS 1 2 14;d, 6 li,5,5 15 1746. 19 1445, 24 1640. 27 1509, 36 1700,
ANNOLUS 2 A 1341. 7 1.372. 16 1782. 21 1326, 25 1548. 34 15e5. 37 1733,
ANN,,LUS 3 5 131o., !4 1677. 17 1655, 22 1345, 26 1424. 35 1532, 39 1321.

LEPT SIDE .a* AIR INLET TUBE CONDITION6 *,0 RIGHT SIDE
TOTAL PRtSSURE 59,S6 PSIA TnTAL PRESSURE 60,6 PSIA
STATIC PRESSURF 60,3t PSIA STATIC PRESSURE $9,64 PSIA
VELOCITY nELTA , 1.13 "IiG VFLOCITY DELTA P .64 "MG
AIR TEMPERATJkk SQ, DEG F AIR TEmPERATURE 595. DEG F
Alo VELOCITY 184.16 FT/SEC AIR ELOCITY 15,.71 FT/SEC
OIFFERENTIAL PqESS'RE: ((LEFT P-TOTAL'-(RIGMH P-TOTAL)| w,402 *H"

AIR FLUW DATA: P.WkFa 1.43. PSIA DELTA Pu4,86 "HG T-REF' 11, nEG F

FUEL SYSTEM nATAI
FUEL F/H FREQUENCY 515. MZ VOLUMETRIC FLOW RATE 22.55 GAL/MR
FUEL PWESSURE Ar F/P 290,4 P31A FLUEL TEMP AT FiN 97, DEG F

** MISCELLANEOUS TRANSDUCER READINGS
MANIFDLO AVERAGE 11RNER OUTLET TOTAL PRESLRE 53,59 PSIA
COM'USTOR OITER LASE STATIC PRESSURE 57 57 PSIA CEOUCER 0 11)
BURNER OIFFERENTIAL TOTAL PRESSURE 12,94 "NG (XDUCLR 0 13)

* CHEMICAL ANALYSIS RESULTS
GAS SAMPLES TAKEN IN PLANE 41

COP 2,650 2 02 1/,250 1 CO 62,0 PPM CNX 1 PPM
NO 28.6 PPM K02 7.2 PPP NOX 36.1 PPM (NO(NDIR) 0 NOICNOUV)3
NO 3,4 PPM N02 1,9 PP" NOX 33,d PPM t CHEMILUMIN9SCENCE I
EMISSIONS INnEX, L811000 LO FUEL: COO 4,45 CNNs 091

CMtEILUMINESCENCE NOX. 3,03, NOIR * NOUV NOX 4025

CALCULATEO FUEL/AIR RATIO FROM CHEMICAL ANALYSIS: 011719
CALCULATED COMBUSTION EFFICIENCY FROM CHkMICAL ANALYSISI 09.1717 1

CHECK ON F/A RATIOe F/A a .012677 N/ 02f. CALCULATEO 02 6 17.305

SMOKE INDEXI 1.86
SALTZMAN NOX a37r

Figure 323. Final Prechamber Liner Modlfication "B" on Pressure
Atomizer Injection Parametric Test at Airflow v 3 lb/sec.
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T63 LOBIUS W EXPO "ENT - IG V/L T 7, TST SYRIES 2, READING a 929
TN3 FINAL ECi me~~oo tfri-i - PARAMETkIC STLDY ON PRESSURE NOZZLE,
TEST OATE: ~-1-7k RFAUING PAS TAKEN AT 124645 HOURS

CYCLE POINT 7 F % PGWER SETTING

o*0** EPERIMETAL CONOITIONS *,**
dJi Q I W FL114 1,494 Ld/SEC AV,; BURNER INLET TEMP 600o DEG F
AVG bURNER INLET PWIS 3P.2 PSIA AVG bURNER OUTLET TEMP 1497, DEG F
AVG 61IRNER Ot:LTA P 14 3 "t'JG PRESSURE LOSS 21,98 X
OVFRAL. F/A 4ATIU *1402 (F/) FlitL FLOW RATE 160.67 LB/HR
AIW LOAO fAC.Trb 2. 87 PATTeRN FACTOR e38301
BOT MnT SPOT; J0 U I41, W; F PAX bOT I AVG BOT 1,2295
FUEL INLET TEMPFRAIIj'E tlAi, DEG F FUEL INLET PRESSURE 187.2 PSIA
PEAT LOADING PWAM kTF #55814E97 ETU/HOUR/ATM/CUBIC FOOT

*0** rAIRNER OUTLET TEVP O TURE SURVEY W*

In TEMP 70 TE0IP IC TEMP ID TEMP I TEMP ID TEMP ID TEMP
Ar-UUL1S 1 2 131Q. I 1275, 15 1724, 19 1452, 24 1689, 27 1460. 36 1091,
ANNILLIS 2 4 1 54o. 7 131P, 16 le41. 21 12810 25 1535, 34 1476, 37 1731.
AN JULIIS 3 t 172. 1tA 1731. 17 1718. 22 1373. 26 1'03. 35 1541. 39 135.

LEFT SlU ,** AIR INLET TUbE CONDITIONS *, RIGHT SIDE
TOTAL PPESSUOF 32,m5 PSIA TOTAL PRESSURE 32 27 PSIA
STATIC POESSUkE 31,49 PSIA STATIC PRESS'IRE 31,75 PSIA
VELCCIIY L)ELTA P ',15 ".G VELOCITY DELTA P 106 tmG
AIW TFMPERATURF d. DEG F A3A TEPPERATURE 66w. DEG F
A14 vELOCITY 255.26 FTSEC AIR VELOCITY 243.79 FT/SEC
OIFPrtRENTIAL P .UJREt ((LEFT P.TOTAL)-(RIGHT P-TOTAL)) 0*431 '$46

AIR FLUW DATAI P.EFO 104,4 SIA DELTA Pm26,83 "NMG T*REFO 19.s 016 F

FUkL STLM DATA:
FUEL FuA MkEQUFNCY 37.1 HZ VOLUETRIC FLOW RATE 10.31 GALMR
FUEL P 4E9SE AT F/m 118,4 PSIA FUEL TEMP AT P/N 0S, DEG F

* MISCELLANEOUS TRANSDUCER REAOING& *
OANIFOLO AVERAGE HO1RNER OUTLET TOTAL PRESSURE 5.869 PSIA
COPSUSTOq UUTEW CASL STATIC PRESSURE 20.71 P31A (IOUCER 4 11)
DURNER nIFFERENTIAL TnTAL PRESSURE 14,17 ONG (EOUCER 6 13)

CMEMICAL ANALYSIS RESULTS 0
GAS SAMPLES TAKEN IN PLANE *I

CO2 2,550 1 L2 17,260 X cO 22.1 PPM CMX .6 PPM
NO 1267 PPA NOR 1,2 PPM NOX t9 PPM (NOCNOIR) 4 NOI(COUV)
N 1811 PPM NOR 3,5 PPM NO 106 PPM I CHEMILUNINISCENCE 3
E10SSLONS INDEN, LO/IlIS LO FUELI CON 15985 CNXS off

C"EKILUNINESCENCE NOXe t.15, NOIR * NOUV NOxv 1,10

CALCULATED FtELiAIN RATIO FROM CHEMICAL ANALYSISI .618410
CALCULATED COMPUSTION EFFICIENCY FROM CNEMICAU ANALYOIZt 0576 1

COECM ON F/A RATIO. F/A 4 01913t W10 01, CALCULATED Of * 170430 1

SMOKE INDERI *.3
IALTZMAN NOX • 1.2.. PP"

Figure 324. Fins Preehamber Liner M ificatlan "B" on Pressure
AtomI:cz Injection Parametric Test at BIP - 32 pals.



T63 COMBUSTOR EXPERIMEN7S RIC DIU 67p TESl SERIES 62, READING ft 936
T03 FINAL PRICNAMW~ MOO "8" PARAMETRIC STUDY ON PRESSURE NOZZL9.
TEST DATEISa012-72 READING WAS TAKEN AT 1311 7 HOURS

CYCLE POINT 7 61POWER SETTING

0**EXPERIMENTAL CONDITIONS 0,

BURNLR AIR FLOW 2,655 LBSESC AVG BURNER INLET TEMP 666. DES F
AVG BURNER INLET PRE$ 60,4 PSEA AVE BURNER OUTLET TEMP 1161. DIG P
AVG BURNER DELTA P 8.l1 ONG PRESSURE LosS 4.07 i
OVERALL F/A RATIO .09740 (FP) FUEL FLOW RATE 54,76 L9/MR
AIR LOAD FACTOR 141875 PATTERN FACTOR 213977

?,SOT HOT SPOT1 ft 16 e 1251. DEG F MAX SOT I AVG SOT 1.1365
FUEL INLET TEMPERATURE 1II, DEG F FUEL INLET PRESSURE 79.5 PSIA

lk 6 EAT LOADING PARAMETER sI6S6EWe *TU/MOUR/ATM4/CUSIC FOOT

.*.BURNER OUTLET TEMPERATURE SURVEY ..
ANLS ID TEMP I0 TEMP I0 TEMP ID TEMP ID TEMP ID TEMP ID TEMP
ANNUUS 12 1666. 8 1654. 15 1234, 10 1353, 34 1154. 17 1692. 30 1237.

ANNULUS 2 4 1044. 7 1071, 16 1251. 21 1867. 15 1117. 34 1194. 37 1136.
ANNdULUS 3 S 1613. 14 1151, 17 1179, 22 1317. 36 1645. 35 1679, 39 906,

i.EFT SIDE .,AIR INLET TUBE CONDITIgNS NI 1GHT SIDE
TOTAL PRESSURE 0033 PSIA TOTAL PRESSURE 66.45 PSIA
STATIC PRESSURE 66.66 PSIA STATIC PRESSURE me*~ 6 i AO.9
VELOCITY DELTA P '67 ONG VELOCITY DELTA P '67 'MG
AIR TEMPERATURE 6e, DIG F AIR TEMPERATURE eggs DIG F
AIR VELOCITY 146.96 FT/SEC AIR VELOCITY 149.74 FT/SEC
DIFFERENTIAL PRESSURE# t(LEFT P.TOTAL)w(RtIP4 PaTOTAL) 0.157 ONG

AIR FLOW DATAU PwREFN 164.9 PS1A DELTA Ps16.66 ONG TulIF6 164. DES F

FUEL SWsEN DATAI
FUEL FIN FREQUENCY 164, NZ VOLUMITRI: FLOW RATE 0.ll GAL/NR
FUEL PRESSURE AT F/o 33?0d PSIA FUEL TEMP AT F/N III, Or$ F

.MISCELLANEOUS TRANSDUCER READINGS$a
* MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 57.39 PSIA

COMOUSTOR OUTER CASE STATIC P0E9SU01 80.31 PSIA CEDUCER 4 it)
SURNIR DIFFERENTIAL TOTAL PRESSURE 5.00 OMG CEDUCtR 0 13)

CHEMICAL ANALYSIS RESULTS
GAS SAhOLES TAKEN IN PLANE 01

COE 1,80 X of 16.666 I CO 311.6 PPM CMI 10.4 PPM
No $04 PPM NOR 1199 PPM NON #003 PP" (NOCNOIR) * NOICNODUY)3
NO off pp" Not 11.1 PPM NO$ 16.0 PPM I CHENILUMINESCtNCE I
EMISSIONS INOEE, LB/1969, LB FUELI COv 41.11 CHID lo16

CMIEILUKINESCENCE NOX41 4.40, NeI* # NOUV NON' 4.30

CALCULATED FUEL/AIR nAT1O PROP CHEMICAL ANALYSISI '117S93
CALCULATED COPIUSTION EFIFICIENCY PROP CHEMICAL ANALYSI61 9068401 1

CMIECX ON F/A %471O- FIA a *067806 W/O Cie CALCULA1ED 01 160641 1

SALTZNAN NON a Il.L PPM

Figure 325. Final Precharber Liner Modification "3," on Pressure
Atomizer In.'Jection Parametric Test at DOT 1100*F.
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T63 COMBUSTOR EXPFNIMENTS - R16 B/U 67, TEST SERIES 62, READING k 931
T63 FINAL PRECHAMbER MOO 08" v PARAMETRIC STUDY ON PRESSURE NOZZLE,
TEST DATES 8-12o72 READING iAS TAKEN AT 1332149 HOURS

CYCLE POINT 7 I 2 POWER SETTING

***** EXPERIMENTAL CONDITIONS *****
BURNER AIR FLOW 2,051 LB/SEC AVG BURNER INLET TEMP 61s DEG F
AVG BURNER INLET PWES 59,6 PSIA AVG BUNNER OUTLET TEMP 1725, DEG F
AVG BURNER DELTA P 6.18 'MG rRESSURE LOSS 51,9 x
OVERALL F/A RATIO .ei711 (FIP) FUEL FLO* RATE 126.3 LB/HR
AIR LOAD FACTOR l.120" PATTERN FACTOR ,33589
BOT NOT SPOT$ x It v 2103, DEG F MAX bOT / AVG BOT 1,9189
FUEL INLET TEMPERA1IJRE lat. DEG F FULL INLET PRESSURE 189,9 PSIA
HEAT LOADING PANAPETER ,37826EW7 BTUIHOUR/ATO/CUSIC FOOT

.*., BURNER OUTLET TEMPERATURE SURVEY *0,*
I0 TEPP 10 TEMP I0 TEMP ID TEMP ID TEMP ID TEMP I0 TEMP

ANNULUS 1 2 1851. 6 1516. 15 1997. 19 1870. 24 1915. 27 1715. 36 1942.
ANNULUS 2 4 1638, 7 1574. 16 2183, 21 1442, 25 1781, 34 1663, 37 1951.
ANNULUS 3 5 1455. 14 1812. 17 2006. 22 1469. 26 1646. 35 1625, 39 !443.

LEFT S:'n *** AIR INLET TUBE CONDITIONS ** RIGHT SIDE
TOTAL PRESSURE 59,52 P$IA TOTAL PRESSURE 59,65 PSA
STATIC PRESSURF 59,1@ PSIA STATIC PRESSURE 59.44 PSIA
V!L.'%"TY DELTA '6 .8r o C:ITY LTA P .43 *646
AIR TEMPERATURE 601, DEG F AIR TEMPERATURE S1o, DEG F
AIR VELOCITY 16.62 FT/SEC AIM VELOCITY 11371 FT/SEC
DIFFERENTIAL PREbSURE: ICLEFT P-TOTAL)-(RIGHT P-TOTAL)) -,26 "MG

AIR FLO* DOATAI O.- * 104dS PSIA DELTA P82867 "hi T-REFf 104. DEG F

FUEL SYSTEM OAThS
FUEL F/P FREQUENCY .468, 1Z VOLUMETRIC FLIW RATE 10,49 GAL/HR

FUEL PNESSURE AT W/O 3dS,4 PSIA FUEL TEMP AT FP lot. 016 F

e MISCLLA'4EOUS TRAkSOLUCEk READINGS ,*

PANIFOLO AVeRAGE BLRNkN. OUTLET TOTAL PRESSURE 56,55 PiIA
COmBUSTOR OUTER CASt STATIC PRESSURE 5640 PIA (MOUCER 0 11)
-Ug'.* OIFFERENTIAL TOTAL PRES'* M 6,64 ONG (NOUCER a 13)

CHEMICAL ANALYSI4 RESULTS .
GAS SA"PLES TAK EN IN PLANk *1

CU2 3,313 A L2 16S90 CO 116,1 PP CMX I3 PPM
NO 6s6e PP 4C2 15,2 OPP NOI oi PPM (NO(NOIR) .alt*o(UV))
%.0 777 PP4 kG2 3.d PPM NOX 6.6 PPM t CHEMILUPINEICENCE I

EMISSIONS INDE', LR/IRPS Li FUELS COA 6,61 CHXv 01
. E"ILV01INESCENCE NOxe 7.62. NOiN* NUV NOke 773

CALCULATEO FIEL/AIR PATIO PROP C"EMICAL ANALYSISl ,016037
CALCULATED C08USION EFFICIENCY PRO" CM EICAL ANALYSIIS 99.7996 I

CMECK OQN F/A bAllSt F/A .15014 I1O Cie CALCULATED O 0 10375 1

SPOKE wet 32
SALTZMAN NOR • 8 Opp

me..... em...... C *eeom -me..o em.... m....Coemeoeeae eeeoOp *S0 e me

Figure 326. Final Prechamber Liner Modification "B" on Pressure
Atomizer Injection Parametric Test at SOT 17000F.
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T63 LOMOUSTOR EPN.IME)TS - RIG E/U 67, TEST SkOIES 82p READING Of 932
164 fINAL P kNAht MUC) -9- - PARAMETRIL STUDY ON PRE33URE NOZZLE,
TEST DATt: 9-12-72 READING IvAS TAKEN AT 1355134 WOURS

CYCLE PfljwT 7 0 % POWER SETTING

.. '** EPEI4frTAL CnNDITIONS *****
61JNNIVR AIR FLOw* 2.A20 LB/SkC, AVG BURNER INLET TEMP 600. DEG F
AVG 61UktR IN.LET i.-kS 91.W PSIA AVG DUIRNER OUTLET TEMP 1586. DEG F
AVG 0L'HNEW OEL1& P 3.87 "IdG PRESSUR'E LOSS 2.18 1
OVEOALL F/A RATIO~ *e13ts (F/P) Fk)EL FLO* RATE 95.62 LB/WR
AIR LDAD FACTIJF .7213 PATTERK FACTOR 933841
OUT HOnT SPUT: 616 a 1413, DEG F MAX itO1 I AVG DOT 1.2635
FULL INLET TkMP#fA'IIQE 1,43. tbG F FtUEL INLFT PRESSURE 168.4 PSIA
I'tAT LUAn!T!%'- PRI-TE tfi749E~t7 6TUjmOUR/AT0/CUFIC FOOT

... UWNER OUTLtT TEMPERA!URE SURVEY a.
In) TEPP 11 TEHP IL) TEMP ICr 1EMP 10 TEMP 10 TEPP I0 TEMP

ANN-JLLJS 1 2 13043, 0 12448, 15 175b, 19 142P. 24 1046. 27 1543. 3tt 1794.
ANPN')LIIS 2 A t1?l. 7 1325, 16 10139 21 132P. 25 1582. 34 1498, 37 1722.
ANNULUjS 3 5. t754. 14 166.3. 17 1e83. 22 1348, 26 1462. 35 1514. 39 1362.

LEFT 310E . AIR INLET TUBE CONDI lIONS M. IGHT SIDE
TOTAL PRLSbUNF 111IR PSIA TO~TAL PRESSURF 01.29 PSIA
STATIC PRESS.JW 04,92 P31IA STATIC PRE63URt 91.81 PSIA
VELOCITY OFLTA P' .54 "14G VELOCITY DEL.TA P .40 ONG
AIR TEJMPFhA7IIE d~e DtG F AIR ICPPERATURE 660. DEG F
AIRi VELOCITY 102.76 FT/SEC AIR VELOCITY 01,99 PT/SEC
OIFFtNENTE!AL PQM'S'RE. !tLEFT PwTOTAL,3.(RIGMY FaTOTAL11 -,439 ONG

610 FLU' C4TAt 0.wtfe 14.5 P514 DtLTA P827.78 004G Tnklva 165.01 E

FUEL 3SIEm 4 LAAi
FUEL Flo4 P~tUt9CV is$ O VOLUPFIRIC FLO% RATE 15.36 GAL11MR
FUEL PkESSUQ( At 0P0 315.8 PSIA FUEL TIMP At F/N l01. 016 F

0M1SCiLLAN[OUS TRANSOUtth READINGS e
PANIFOLI) &VINA0II~k OUTLET ICTAL PRESS.URE $9,39 PSIA
COMM',STOR OUTEro CASE STATIC PRESSUuI 90.5O PO5 1 C10CE 11)
URNt# OIFFEVENTIAL TOTAL. POE33URE 3.55 ONG CIOuCIR v 13)

aCHEMICAL ANALYSIS NISULTS
GAS SAMPLES TA99h IN PLANE( 01

Coe 1.3.*0 02 10,0031 CO 36,4 PPM CMI 'APP
No Sl.b PPM N02 I's OPP NON 6p.8 PPM INothoIRt) 401O(houv)l
0NO 52.t Pp" k02 2.s Pop NOW 54*5 PPM I CNEILYPINISCINCI I
EMISSIONS INDEA. L"/1000 LO FUEL$ COs ala6 9"19 004

C'it ILUM1lNESCINCt 0116 6114. 4010 0 NOIJV make Y*33

CALLULAtED PIL(L/a1M 4AT10 PROP C14EPICAL ANALYISI .01130
CALi.JLATt0 CC'MVI9ibON EPPrICIMNC PROO CPIMICAL ANALYSIS$ 08.9113 I

CHCC ON F/A 0ATInw f/A *0.1263 N10 01, CALCULATEO 02 . 17.300 2

SNo~r 140EXI 7'
SALTZM4AN 401 mpPll

figure 327. final Prechamber Liner mlodification "S' on Pressure
Atomizer Injection Parametric Test at DIP *92 psis.
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T63 cnmedi'ST04 F: twI'4t.T3 4 '16 BIU 67, TEST SERIES 62, READING 0 933
Te.3 PINAL PREC04AMPIIR M(O NOR PARAWRTIC $16w"~ ON PRFSSURE NOZZLIE.
TEST DATE: e-12-72 READING b~i TAKEN AT 1421833 14CURS

CYCLE POINT 7 U 1 POOER SETTING

00*EXPERIMEK.TAL CONDITIONS...
Auwt1 AIR1 FL04 1.407 LB/'SIC Av. BURNER INLET TEMP $go, :G F
AVG UUkNLR IN~LET PkkS 59,9 P."1A AVG PU NE.R OUTLET TEMP 167. DEC F
AVG 61J'1NLk DELTA P 1.26 %1,G PRESSURE LOSS 1.65 %
OVE..IALL F/A PATIO 'PI391 (F0~) FUEL FLOb. RATE 56641 Le/mR
AIIk LOAO FACT04' 15469 PATTERN. FACTOR .31894
40~T Kr3T SPOT 4 16 a 1746. DES. F KAI eoi / iVG, got 1.1911
06A~L INLET Tkf0t1A14F 104, DEG F FULL INLET PRESSOVE ?7'6 PSI&
OEA? LUAOING PVh'IEIER .15018k#,7 bTU/MLUR/ATP.,CUSIC FOOT

A.. JRPNER OUTLET TEMPERATURE SURVEY 0,

IV TkPP I.. TEMP ID TEMP TO TEPP 10 TEMP 10 TEOP 10 TEP
ANLL~512 ie.6 1334. 15 1730. 19 1573. 24 1638, 27 1532. 30 1096.
ANILS2 4 142%. 7 1346. 16 1798. 21 1362t 25 1557o 34 1539. 3? 1669,

ANNiILUS 3 5 W?2. 14 1522. 1? 1711, 22 1369, 26 14P4, 35 1456, 39 1325.

LEFT SI')L .. 1 A19 I'4LE? T0E COND1TIOK3 too RIGHT SIDE
VOTAL PRSlSLi4k SV,87 P31A TOTAL PRESSURE 59.96 P514
STATIC kssut ~ 59.74 PSIA STATIC PRESSURE 59,63 PSIA
VELOCITY nELTA P .28 "'G VELOCITY DELTA P .13 *Pig
AIR1 TemptATOJ, 5)9. 0kG F AIR TEMPERATURE 599. 016 F
AIR VELOCITY 91.1' FTISEC AIR VELOCITY 63,13 PT/S9C
O1I VkQkNTI&L FQ&SSIRI t(LIFT P-TtOTAL)*(101611 P-TOIAL)i *.155 ONG

AID FLLQw OATAt Pwale m 14469 031A DELA Po 0.35 0hG Tulpeis , DES F

FUkL SYSTEM~ OATAI
DUEL F/sq FR14uE.ICv is$, kZ VOLUPFIRIC FLOb RATE lo1$ GAL04N
$UtL PIAESSURi AT FP 343,7 PS14 FUEL T11MP AT P/M 113. 016 F

M~hI~t~L) .* 1ICELLA41QUS TRAhIOLJCtS *(ADING2se.
P~1PL0Avtq44.. 6094(k OUTLET TCTAL PRESSURE $$off PIIA

COPSUSTOk UTtR CASE, STATIC 'PESSURf 50.60 PSIA CEDUCIN a 11)
S.EDIPkaaLTOTAL ORESSURt 105 *Its fADuCIP a 3

t CM~tCAL ANALYSIS RISULTS.
4A1 SAAPLtS TARE& Ih PLANI *I

C02 1.953 ot0 16.59tv cc ts't PP" C142 of PPM
.40 63.7 pp %02 G's pp how ?I,# PM tmO(NoZI) 0 oo M OIOV) I
'.0 64.? *po '.2 too OP" Nox 05.7 PPM (C"I"ILU"I"IscEWckI
EAI5SSIU'S IOfb, L8110#4 LO FUILI Cc* 1.00 C1418 064

C#4MILUMIWIFCIOACI 4010 7,09. hole 0 %OUv move 6.30

CAL(UL4TEO FLtLJAI0 1AT10 PROP CMEPI CAL 4NALStISI .14
CALCUJLATED CO IjSTIDN4 tF~tItNCv 000 CNIMICAL AN6ALYStS, 00.0313 I

CHECK ON F/& ATIO. Fos a 4418946 0/0 Of, CALCULATED 02 8 16,,604 1

SPOKE INDEX$571
5ALTIMAI W0*'6

Figuare 328. Final Prtchamber Liner Modification "B" on Pressure
Atomizer Injection Parametric Test at Airflow I lb/sec.
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improved due to the enrichment of the reaction zone, since the
reaction-zont-holes air admission rate was 25% of the swirler air
rate, and by maintaining a strong swirl in the reaction zone, which
had been dissipated to some extent by the normal injecting air jets
through tne reaction-zone holes. The stronger vortex would then
transfer more combustion gases upstream to the fuel film, increasing
the vaporization gas temperature, and thus the vaporization heat
transfer. Table LXXXI is a summary of the emission performance
of Final Prechamber Combustor Modifications "B", 'C", and "D". The
details of the Modification "C" nonregenerative test results are
presented in Figure 329 through 333. The closing of the reaction-
zone holes did increase the combustor pressure loss an additional
1%, to an average of b.62% for the five operating conditions tested.

This change to the Prechamber combustor had no etfect on the hydro-
carbon concentrations the combustor produced; see Figure 3,34. Once
again, the exhaust temperature profile at the high power operating
conditions was too poor to permit the combustor to operate without
damaging the exhaust instrumentation. Figure 335 shows that the
change in Modification "C" did reduce the carbon monoxide voncentra-
tion at idle but not at the higher power conditions. The N3X con-
centrations plotted in Figure 336 show the improvemtnt In the
Prechamber Modification "C" LUmbuStor at middle power conditions.
The CO vs NO curve for this configuration Is plotted in Figure 337. *1
This curve clearly shows the Modification "C" improvement in emis-
sions at the 25% and 40% power conditions. Smoke was further
reduced, as shown in Figure 338. This configuration was the
fir-r time smoke reductions were obtained that even approached
those obtained in the preliminary Prechamber combustor. The exhaust
temperature profile, .Figure 339, although slightly improved in
Modification "",was still a severe problem.. The degrading profile
trend seen at 7% power conditions continued when rig conditions
were increased toward maximum power, thus requiring that data for
that point be aborted. After the wall Luel film data were obtained,
the combuastor was removed from the test rig and no pressure atomizer
fuel injection mode date were taken on Modification 'C".

::: IMdifica tion 1,)"

The final change to the Final Precehaber ctawustor was fabricating
a centerbody and atta,:hing it to the swirler vane hub bard. The
Preliminary Prochamber combustor used a vaporizer tube centerbody,
but to incorporate the pressure atomizer fuel injector. the cenrer-
body was not included in the previous Final Prechamber designs.
The test rig data for Modification "U" are presented in Figures 40.
through 144 and sumarized in Table .LXXXI. A poor exhaust tern-
persture profile on this combustor, as in most of the p-evious con-
figurations, required that the testing be restricted to only the
lowest five operarinu conditions.
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TABLE LXXXI. COIiPARISON OF T53 NONREGENERATIVE EMISSION/CUMBUSTUR
PERFORMANCE OF FINAL PRECHAMBER COMBUSTORS OPERATING
ON WALL FUEl, FILM INJECTION (1) MODIFICATION "B",
(2) MODIFICATION "C", AND (3) MODIFICATION "0"

I. Final Preehamber, Mod. "B" - Wall Film Cycle Point _

-A. Emissions - 6 S 4 3 2

CO, (ppm) 619.2 289.6 127.5 1,6.8 175.0

H/C,(ppm) 140.0 40.0 9.8 7.2 2.1

NO (On-Line, NDIR & NDUV)(ppm) 12.2 17.3 27.1 35.5 51.6 Z
NOx, On-Line, CL) (ppm) 12.0 18.3 27.5 41.1 32.9

NO ,(Saltzman) (ppm) 10.4 19.6 30.3 39.9 55.gx
Smoke Number 0.10 1.82 0.96 0.11 3.26

B. Pressure Loss (%) 5.98 5.15 5.92 5.79 5.81
C. Temp. Profile (Tmax/Tavg) 1.441 1.357 1.277 1.290 1.274

11. Ff4 'n[ Prechamber Mo6. "C"
Wall Fuel Film
A. Emissions

Co, '(ppm) 457.9 142.9 158.7 160.7 170.9
H/C,(ppm) 135.0 26.0 17.6 7.2 1.3 z

NO (On-Line, NDIR & NDIJV)(ppm) 13.1 13.9 19.5 29.8 49.1
NO (On-Line, CL) (ppm) 13.0 15.6 25.1 40.2 43.0
x

NO , (Saltzman) (ppm) 10.2 12.4 25.it '12.9 58.1
Smoke Number 2.49 0.29 2.36 0.06 0.00

B. Pressure I.oss )) 5.74 6.62 7.L8 6.95 6.62
C. Temp, Profile (Tnax/Tavg) .301 1.283 1.255 .2S3 .307

-IuI Final Prechamber -Mod. "D" :Wall Fuel Film 1 1
%. Emissions i ,

CO. (ppm) 426.5 18.S. 121.Q 156.7 156.7

H/C, (ppm) 83.0 15.0 q. .7 .2

NOY, (On-Line, NDIR & NDUV)(ppm). 16.7 16,7 25.4 40.f ,7.4
NO , (On-Line, CL) (ppm) 13.5 18.1 27.5 39.2 50.9

NOX, (Saltzman)(ppm) 12.4 19.2 32.6 38.2 66.5

Smoke Number .01 .00 .00 .00 .00
B. Pressure Lees (%) 6.14 6.72 6.78 b.67 6..5

C. Temp. Profile (Tgax/Tavg) 1.361 1.2J4 1.230 .230 1.317
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T63 CUIUSTOR EVPikIN TS * 'IG B/U 68, TEST SERIES 83. REACZNG * 934
T6:3 FINAL FCIsh Ek m00 "C'" O N FILP NOZZLE * 5TO T63 INLET CONDITIONS
TEST OTE: B-14-72 REC)VSP WAS TAKEN AT 1413112 HOURS

CYCLE POINT 1 to I POWER SETTING

EXPkRIOFkTAL CONuITIONS *.**.
UPX4EM AIR FLJ}.I 1.444 LB/SEC AVG bURNER INLET TEMP 300. OEG FAVG UONI'EW IuLEt P"ES 14.3 PSIA AVG BURNER OUTLET TEMP 1847, DEG F

AV(; btIPNEx [ELT' i. alt8 "HG PRESSURE LOSS 5,74 1OVERALL F/A 4ATIu ,-'C94 (F/P) FULL FLOw RATE 72.63 LS/NR
AIR LOAD FACTnx 1,1472 PATTERN FACTOR .42251801 M 11 SPOT: N 4 1 1362. DEG F MAX OOT I AVG bOT 1.3013FUEL INLtT TE;PkKATURE 03, DEG F FUEL INLET PRESSURE 40.9 PSIA
kEAT LOADING PAkAmATER P9246F.v7 1TL:/HOUR/ATP/CUBIC FOOT

*0** UR4ER OUTLET TEPPERATURE SURVEY ,e,
I TtPy oI TEMP IJ TFMP IC TENP ID TEMP Z0 TEMP ID TEMPANNiJLiiS 1 2 451. 6 408, 15 1283. t9 1215, 24 362. 27 1026, 36 1693.ANNULUS 2 4 Qq/. 7 82. 16 1356. 21 1962. 25 1056. 34 981. 37 1079.

ANNIJL.UjS 3 5 774. 14 13,6 t7 1251. 22 1158, 26 857, 35 967, 39 850,

LEFT SIDE it. AIR INLET TUdE CONDITIONS ii. RIGHT SIDETUFAL PR SSjURE 44,31 PSIA TOTAL PRESSURE 44.32 P31ASTATIC PRESSURE 44,03 PSIA STATIC PRESSURE 44,14 PSIA
VELOCITY DELTA .58 fNG VFLOCITY DELTA P .37 NHGAIR TEMPFRAToRE 30, nG F AIR TEPPERATURE 390, DEG FAIR VELOCITY 129.49 FT/SEC AIR VELOCITY 103,73 FT/SEC
UjI FE NTIAL PRESSURE: (LEFT P-TOTAL)-(&IGHT PpTOTAL)) -*324 MNG
AIR FLOw DATAS P-IEFn 15.1 PSIA DELTA Ps 1,60 "NG TUREFs 193. DEG F

FUEL SYSTEM BAIA:
FUEL F/M FREQUENCY 2699 0Z VOLUMETRIC FLOW RATE 11,72 GAL/HR
FUFL PRESSURE AT FIM 233,4 PSIA FUEL TEMP AT F/M 92, DEG F

ii MISCELLANEOUS TRANSDUCER READINGS *
PANIFOLC AVFRAGL OLIRNER OUTLET TOTAL PRESSURE 41,77 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 43a59 P31A CXOUCER 0 11)
PURNEW OIFFERENTIAL TOTAL PRESSURE 5.17 "MG CXDUCER 0 13)

CHEMICAL ANALYSIS RESULTS a
GA8 SAMPLES TAKEN IN PLANE *I

COP 1,817 x 02 16,900 X CO 457,9 PPM CNX 135,0 PPM
NO 4,2 PPM NU2 8.9 PPM NOE 13.1 PPM tNOCNOIR) + NO2CNDUV)3
NO 6,0 PPM N02 7,0 PPM hOE 13. PPM I CHEILUNINESCENCE IE14ISSIONS 11,E0, LB/1040 LB FUELI COP 40,91 CHxv 18.99

CMEMTLUMINESCENCE NOEl 1.91p NOIR + NDUV NOE• 1.92

CALCULATED FUEL/AIR RATIO FROP CHEMICAL ANALYSIS1 ,69o9CALCULATED COMdUSTION EFFICIENCY FROM CHEMICAL ANALYSIS: 960376 XCHECK ON F/A RATIO- FiA • ,009117 h/O 02, CALCULATED 02 1 16.436 X

SMOKE IN EX: .
SALTZMAN NOX a * ** PPM t,

Figure 329. Final Prechamber Liner Modification "C" on Wall Fuel
Film Injection at Nonregenerative 10% Power.
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T63 LUrlduSTON EXPERIMENTS - RIG L/() 68, TEST SERIES 83, READING 0 935
T3 FINAL PECHAPE0 MOO *C" - ON FILM NOZZLE 6 TO T63 INLET CONDITIONS
TEST DATE: A-14-72 REAOING wAS TAKEN AT 1435:46 HOURS

CYCLE POINT 6 25 % POWER SETTING

EXPERIMENTAL CONDITIONS *....
OURNER AIR FLOA 2.*14 Ld/SEC AVG BURNER INLET TEMP 354. DEG F
AvG BUkNS4 INLET PPES 54,7 PSIA AVG bURNER OUTLET TEMP 1195. DEG F
AVG dUW dR DELTA P 7,37 "MG PRESSURE LOSS 6,62 X
CVER&ALL F/A RATIO .1215 (F/P) FUkL FLOW RATE 96,83 LB/HR
AlR LOAD FACTOR 1,1055 PATTERN FACTOR .41167
SOT HOT SPOTS * 1b a 1552. DEG F MAX DOT / AVG SOT 1.2026
FUEL INLET TEMPERATURE 45, DEG F FUEL INLET PRESSURE St.5 PSIA
HEAT LfjAOING PAhA11ETER .31614E+07 BTU/N4DUR/ATM/CU8IC FOOT

'at' 6URNER OUTLET TEMPEkATURE SURVEY ta
ID TEMP 10 TE4P ID TEMP 10 TEMP ID TEMP I0 TEMP ID TEMP

ANNJLUS 1 2 1178. 5 942, 15 1446. 19 1232. 24 ISP4, 27 1365, 36 1388.
ANNULUS 2 4 1.3A. 1 lil-'9. 16 1532. 21 1261, 25 1373. 34 1054, 37 10790
ANNULUS 3 5 Q54. 14 1299. 17 13a5. 22 1296. 26 1t61. 35 966. 39 953.

LEFT SIDE ata AIR INLET TUBE CONOITIONS a.' RIGHT SIDE
TOTAL PRESSURE 64.64 PSIA TOTAL PRESSURE 54,67 PSIA
STATIC PRESSURE b4,39 PSIA STATIC PRESSURE 54,41 PSA
VELOCIT4 DELTA P .15 "MG VELOCITY DELTA P .54 vHG
AIR TEMPENATJRE 354, OLG F AIR TEMPERATURE 354, DEG F
AIR VELOCITY 111.84 FT/SEC AIR VELOCITY 116,54 FT/SEC
DIFFERENTIAL PRE8SURE: t(LEFT P-TOTAL)-(RIGHI PmTOTAL)) 0.077 'HG

AIR FLOW DATA$ P-REFS 104.2 PSIA ELTA Ps 2.33 "HG T-REFs 106, DEG F

FUEL SYSTEM OATAi
FUEL P/N FREQUENCY 358, 1Z VOLUMETRIC FLOW RATE 15.85 GAL/HR
FUEL PRESSURE AT F/M 223,5 PsIf FUEL TEMP AT F/M 94. DEG F

wa MISCELLANEOUS TRANSDUCER READINGS a
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 51,4 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 53,04 P81A (EDUCER 4 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 7,33 "HG CXOUCER 0 13)

a CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE #1

C02 1,937 2 02 18,690 1 CO 142,9 PPM CMx 26,0 PPM
No 4.2 PPM NOR 9.7 PPM NOX 13.9 PPM (NOtNDIR) + NO2CNDUV)J
NO 6.5 PPM N0R 6.9 PPM NOX 15s6 PPM 9 C:AEMILUMINESCENCE 3

EMISSIONS INDEX, LB/1O LB FUELI CO 11.51 CMX1 3038
CHEMILUMINESCENCt NOX- 2.161 NDIR * NDUV NOw@ 1.64

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI '98948
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALY3SIi 99*2118

CHECK ON F/A RATIO- F/A a .309382 W/O 02. CALCULATED 02 a 16.992 X

SMOKe INDEX: Z=;. SALTZMAN NOX a Z. PPM

Figure 330, Final Prechamber Liner Modification "C" on Wall Fuel
Film Injection at Nonregenerative 25% Power.
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TbS Cn1iUSTOPW EAPkIMENTS - RIG S/U 68, TEST SERIES 83P READING 9.36
T63 FINAL PC'4aAm4FR M01) "C" - ON FILM NOZZLE 9 STD 163 INLET CONDITIONS
TEST OATE: A-d-72 READING WAS TAKEN AT 1509135 HOURS

CYCLE POIiiT 5 49 % POWER SETTING

***** EXPERIMENTAL CONDITIONS a*e**
UUWNtR AIR FLUA 2.575 LB/SEC AVG BURNER INLET TEMP 397, DEG F
AvR UNNtR INtLT PkFS 53.6 PSIA AVG UkNER OUTLET TEMP 1317. OEG F

,Av6 81INNEk ORLTI P ).30 "1hr PRESSURE LOSS Yelp x
i*OVERALL F/A 4ATIV 0 1334 (FLY) FQEL FLOW RATE 123,65 LS/HR

AlI LfIA) FACTnq 1.IH4d PATTERN FACTOR .36459
UOT MiT SPJT v lb a 1653. DEG F MAX B0T / AVG OT 1.2546
FUEL INLET TEMEOhTIJ'IE 97. DEL F FUEL INLET PRESSURE 59.7 PSIA
MEAT LOADIr PA"AMrFR .34671E+07 BTU/HOUR/ATM/CUBIC FOOT

•NNJ I T * UE O'JTLET TEMPERATURE SURVEY **TM

In TEPP 11.) TE:iP in TEMP ID TEMP ID TEMP 10 TEMP ID TEMP
ANN.JLdJS 1 2 1224. 6 1,7.75. 15 1582s 19 1328, 24 1612. 27 1419, 36 1215,

-AN.,'LUS 2 4 12q. 7 Ja71, 16 1653, 21 1363, 25 1489, 34 1200, 37 1184,
AX 41#t$ 3 5 fl!ib. 14 1487. 17 1489. 22 1434, 26 1315. 35 1131, 39 1193.

LEFT SIOE .aa AIR !NLEI TUBE CONDITIONS *.a RIGHT SIDE
TOIAL PRtESSOE 63.57 PSIA TOTAL PRESSURE 63.70 PSIA
STATIC PRESS'iR' 63.16 PSIA STATIC PRESSURE 83.3, PSIA
VELOCITY OLLTA P .34 "HG VELOCITY DELTA P .1 "HeSAI T MPERATURE 397. OFG F Alk TEPPERATURE 397. DEG F
AIR VELOCITY 13d.70 FT/SEC AIk VELOCITY 136.11 FT/SEC
OIFftRtNTIAL P rSSURE! [(LEFT P-TOTAL)-(kIGHT P-TOTAL)3 -.253 "HG

AIk FLOO DATA: P-W-Fu 103.4 PSIA DELTA Ps 3.19 "HG T-REFu 106, DEG F

FUEL SYSTEM DATA$
FUEL F/m FREOIQJFCY 457. HZ VOLUMETRIC FLOW RATE 29.81 GALHR
FUEL PRESSuRE AT F/M 213.6 PSIA FUEL TEMP AT F/H 96. DES F

M MISCELLANEOUS TRANSDUCER READINGS **
PANIFOLD AVERArit 8LRNE OUTLET TOTAL PRESSURE 59,7 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 62,39 PSIA (XOUCER 0 11)
BURNER OIFFERE!4T1I.. TOTAL PRESSURE 9,18 "NG (KOUCER 4 13)

a CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 01

CO 2.083 K 02 18.400 % CO 158, PPM CHX 17,G PPM
NO 4,9 PPM NU2 14.7 PPM NOX 19,5 PPM £NO(NIR) * NO(NDUV)3
NU 12. PPM NU2 13.1 PPM NOX 25,1 PPM I CHFMILUMINEUCENCE 3
EMIS3iONS INi)F. LB/109 LB FUELI COC 11.6 CMXs 2,94

CHEMILUMINESCENCE NOX8 3.83, NDIR + NDUV NOX4 2,36

CALCULATED FUEL/AIR RATIO FROP CHEMICAL ANALYSIS: '019908
CALCULATED COMAUST1ON EFFICIENCY FROM CHEMICAL ANALYSIS: 99d4981 X

CHECK ON F/A XATIO- FIA v 010855 / / 02, CALCULATED 02 9 163118 0

SMOKE INDEX$ 2.3t
SALTZMAN NOX 2 . PPM

a~m~~m.us.. u.. . .......... s m me m mu m see mmfuw w sw g u

Figure 331. Final Prechamber Liner Modification "C" on Wall Fuel
Film Injection at Nonregenerative 40% Power.
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T6 Cop.RUSTj4 EXPFkIVrNTS - RI6 8/U 68, IEST SERIES 83, READING # 937
T63 FI1AL P CMAr*,itk MOO "C" - O FILM NOZZLE 9 STD T63 INLET CONDITIONS
TE0 IjATE: H-14-72 READING WAS TAAEN AT 1547121 HOURS

CYCLE POI T 4 55 2 POWER SETTING

***., EXPERIMENTAL CONDITIONS **aaa
dUkNER AIR FLU" 2,175 Lb/SEC AVG BURNER INLET TEMP 429. DEG F
AVG SUkNER ImLET PkEq 71.6 PSIA AVG eURNEN OUTLET TEMP 1418, DEG F
AVG dURENH DELTA P 1013 "G PRESSURE LOSS 5,95 x
OVERAL1 P/A RATIO .v1452 (F/11) FUEL FLOW RATE 145,4 LB/MR
AIX LOAU ACTU 1.1560 PATTERK FACTOR .36351
BOT HfrT SPOT: 4 2z* 177a. DEG F MAX bnT / AVG SOT 1,2535
FUEl. INLET TEMPEkATURE 49. DEG F FUEL INLET PRESSURE 67.9 PSIA
H MEAT LbALING PAi'LTk.R .36157Et07 BTL/H0U/ATM/CUBIC FOOT

**** MUkNER OUTLET TIEPERATURE SURVEY ***
ID TutP ID TEMP ID TEMP ID TEMP ID TEMP I TEMP ID TEMP

ANNJLUS 1 2 1318, 6 1139. 15 1q89. 19 1416. 24 1778. 27 1889. 36 1291.
ANNULUS P 4 1337. 7 1122. 16 175P. 21 1514. 25 1615. 34 1201. 37 1245.
ANvIILLIS 3 5 1114, 14 15151, 17 1605. 22 1501, 26 1426, 35 1217. 39 1173a

LEFT Sl[ .*** AIR INLET TUFE CONDITIONS ** RIGHT SIDE
TOTAL PRESSURE 71,''5 PSIA TnTAL PRESSURE 71.60 PSIA
STATIC PRESSURE 71,17 PSIA STATIC PRESSURE 71.28 PSA
VELOCITY DELTA P .QS "MG VELOCITY DELTA P .65 "H6
AIR TEMPkEATUkE 429. DEG F AIR TEPPERATURE 429. DEG F
AIR VELOCITY 143,94 FT/SEC AIR VELOCITY 116,63 FT/SEC
DIPFEWENTIAL P'ESSURE: ((LEFT P-TOTAL)-(RIGHT P-TOTAL)2 06192 "HG

AIR FLU ATAT 1-pF. 102v6 PSIA DELTA Pr 3,74 "MG TsREF4 105, 096 F

FUEL SYSTEm )AIA:
tuEt. F/m FkEWUENCY 537, PZ VOLUMETRIC FLOW RATE 23,56 GAL/MR

FUEL PRESSLIP AT F/P 207,0 PSIA RUEL TEMP AT F/M 99, DEG F

** P1SCELLANEOUS TRANSUCER READINGS *

OANIFULD AVERAGE OLiNER OUTLET TOTAL PRESSURE 66,60 P$IA

CCMqUSTOR UUTEk CAS: $1ATIC PRESURE 70,50 PSIA (EOUCER a 11)
bUwkER UIFFERkNTIAL TOTAL PRESSURE 16,06 "MG CXOUCER 0 13)

CHEMICAL ANALYSIS RESULTS *
(AS SAMPLES TAKEN IN PLANE 01

CO 29254 X 02 17,600 K CO 16807 PPM CHX 7.* PPM
NO 12o7 PP-1 NE2 17.2 PPM NOX 2998 PPM (NO(NDIR) * NOICNOUV)I
NO 14,0 PPM NV2 25,4 PPP NOX 40,2 PPM ( CHEMILUMINESCENCE 3
EIPTSSIONS INDEX, Le/tF160 LS FUELS CO. 106 CMXv .77

CNEMILUMINESCENCE NOX8 4,48t NOIR • NDUV NOX 3*31

CALCULATED FUELIAIR RATIO FROP CHEMICAL ANALYSISI .918847
CALCULATEU COMOUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 095568 X

CHECK UN FIA RATIO- F/A a 01863 1h/O 09. CALCULATEO Of a OJI64 X

SmOKE INDEX$ 40(a
SALTZMAN NOX 4 di PPM

Figure 332. Final Prechamber Liner Modification "C" on Wall Fuel
Film Injection at Nonregenerative 55% Power.
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T63 COMBUSTOR EXPAIMENTS - R 8b /U 68v TEST SERIES 63, READING 0 936
T63 FINAL PkkLHAMOER MOO "C" - ON FILM NUZZLE * STO 763 INLET CONDITIONS
TEST OATE: R-a-72 READING WAS TAKEN AT 166310 HOURS

CYCLE POINi 3 75 1 POWER SETTING

EXPERIMENTAL CONDITIONS
bURNER AIR LOW 2,Q96 LB/SEC AVG BURNER INLET TEMP 472, DEG F
AVG 8IJkNER INLEI PrkS 68, PSIA AVG BURNER OUTLET TEMP 1560. OEG F
Av(; dUkNEW DELTA P 10.91 "G PR SSURE LOSS 6.62 X
OVERALL F/A H*TIU V 1664 (F/P) FUEL FLOW RATE 179.56 LB/HR
AIR LOAU FACTUR 1.1301 PATTERN FACTOR .43752
BOT HOT SPOTt 6 24 a 2965. DEG F PAX BOT / AVG SOT 13069
FUEL INLET TeMPtkATURE 1O0, OEG F FUtL INLET PRESSURE 79.6 PSIA
MEAT LOADING P&A AETER 39588E+P7 BTU/WOUR/ATM/CURIC FOOT

BURNER OUTLET TEMPERATURE SURVEY .. ,.
ID TEMP ID TEMP ID TEMP IC TEMP I TEMP Io TEMP Io TEMP

ANNULLUS 1 2 1397. 11 12191. 15 1885. 19 1631. 24 2065. 27 1798, 36 1446.
ANNULUS 2 4 142. 7 1184. 16 2001, 21 1741, 25 1636. 34 1378 37 1376,
ANNIJLUS 3 5 1239 14 1735. 17 1833, 22 1654. 26 1603. 35 1296, 39 139.,

LEFT SIDE *.. AIR INLET TUBE CONDITIONS ** RIGHT SIDE
TOTAL PRESSURE !sl.S6 PSIA TOTAL PRESSURE 83e.9 P3IA
STATIC PRESSURE kd,44 PSIA STATIC PRESSURE also@ PSIA
VELOCITY DELTA P '85 "G VELUCITY DELTA P 47v "He
AIR TEMPERATURE 472, PEG F AIR TEMPERATURE 472. DEG F
AIR VELOCITy 129,00 FT/SEC AIR VELOCITY 117,69 FT/SEC
DIFFERkNTIAL PRESSURE: t(LEFT P-TOTAL)-(RIGNT PmTOTAL)) -otto NG

AIR FLOW OATAI P-wREF. 12 0 P3IA DELTA Pe 4,39 "MG T-RIF' 165. O F

FUEL SYSTEm DATAo
T FUEL F/M FREQUENCY 667, oZ VOLUMETRIC FLOW RATE 19.11 GAL/MR

FUEL PRE3SURE AT VIP 193,0 PSIA FUEL TEMP AT F/N leg6 01G F I
MISCELLANEOUS TRANSDUCER READINGS ..

PANIFOLO AVERAGE OURNEW OUTLET TOTAL PRESURE 75,55 P$1*
COMqUSTOR OUTER CASE STATIC PRESSURE 79,8 PSIA (XOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 10,62 NHG (XOUCER a 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

COg 2.533 1 02 17,466 S CO 176o0 PPM CNN 1.3 PpM
NO 3' 9 PPM NO? 1o.2 PP" NON 40,1 PPM tNOCNOIR) * NOC(NDUV)
NO 26,5 PPM NOR 21e4 PPM NON 48.6 PPM t C4IMILUMINEBCKNC( I
EMISSIONS INOEX, L /9d LU FUELI COO If*@0 CmX9 Olt

CHLMILUNINESCENCE NOX 4e65, NOIR + NOUV NOX 4077

CALCULATED FUIELAIR RATIO FROM CHEMICAL ANALYSISI .61113
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISl 9645680

CHECK ON FIA RATIO- F/A .@1125 010 0f CALCULATED 01 * 17a11 %

SMOKE INDEX: 0
SALTZMAN NON * "r.l PPM

Figure 333. Final Preohamber Liner Modification "C" on Wall Fuel
Film Injection at Nonregenerative 75% Power.
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Carbon Monoxide Emission Oato Comparison for
Extend~d-ength,Prehamr Final Design
Nodffication "C" Combustor and T63 Daline
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T63 COMBUSTOR EXPERIMENTS * RIG BIU 74# TEST SERIES 9M, READING 0 1621
TO3 FINAL PRECHAMBER 9 MOO 4O w RUN AT STO T63 INLET CONDITIONS*

TEST DATE$ 6.26-78 READING WAS TAKEN AT 142419 HOURS

CYCLE POINT 6 26 1 POWER SETTING

srsEXPERIMENTAL CONDITIONS e*0".

SURFER AIR FLOW 2e216 LU/S[C AVG BURNER INLET TEMP 352, DES F
AVG BURNER INLET PRES 54,4 PSIA AVG BURNER OUTLET TEN* 1142w DEG F
AVG NURNER DELTA P 7044 OHS PRESSURE LOSS 6472 1
OVERALL F/A RATIO 06128 (FIN) FUEL FLOW RATE 95,02 LOHR
AIR LOAD FACTOR 1.l54! PATTERN FACTOR .42331
SOT NOT SPOTI # 16 9 1473, DEG F MAX OT I AVG SOT 1.1943
FUEL INLET TEMPERATURE 91, 0E F FUEL INLET PRESSURE 5943 P31A
MEAT LOAOINS PARAMETER .3144i|*i7 BTUIMOURIATM/CUITC FOOT

*t*' BURNER OUTLET TEMPERATURE SURVEY *a*
10 TEMP ID TEMP 10 TEMP Io TENP ID TEMP 10 TEmP 10 TemP

ANNULUS 1 2 1171. 6 951. 15 1430. It 112, 24 1416t t? 1311. 30 113,
ANNULUS 2 4 1135. 7 919. 16 1476o 21 1123. 25 1147, 34 1663. 37 974,
ANNULUS 3 3 916, 14 1265. 17 1205. 2 1113. 1 , 35 9ss 8 9 949

LEVT IDE o AIR INLET TUBE CONDITIONS too RIGHT slDE
TOTAL PRESSURE 54,46 PSI& TOTAL P1ESURE $4.49 PiIA
STATIC PRESSURE 54o35 PSIA STATIC PRESSURE 54.17 PIlA
VELOCITY DELTA P Syr OMG VELOCITY OELTA P .45 'NB
AIR TEMPERATURE 353. 0(6 P All TiPERATURE 35. DES F
AIR VELOCITY i1'.99 FT/SEC AIRVELOCITY 10t1 T/te
DIFFERENTIAL PRESSURER ((LEFT PSTOTAL)e(RIGNT POTOTAL)) *ey? m $

AIR PLOW OATA PorEFo 146y PM&s 0ELTA PI 30 bmS ?*if* 13. Oi F

FUEL SYsTEM OATA&
FUEL Fin FEOGUENCY 31.4 Ml VOLUNOTRIC PLO1 RATE 15o47 SALIM*
FUEL PRESSURE AiF/n i8.0 P5Al FUEL TEIP AT FIm ,91 DEG F

ot MISCELLANEOuS ?RANSOUC|EREPtAOINGS se
mANIPOLO AVERAGE BuRNIR OUTLET TOTAL PRisuRE $50,9 P53*
COSUSTOR OUTER CASE STATIC PRESSURE 53o11 P8iI (t0UCER 0 it)
OURIot *IFFEREMTIAL TOTAL PRESSR .30O 0N4 (AINCIt a 13)

0 CNENICAL A11LYSI8 RESULTS *
GAS SAPPLaS TAKEN IN PLANE at

Cal telil $ 0 1t .o0 S Ca 1O*5e PPM COO is.* PPM
NO too PP Nlot #*I PPM NOt los PPM IN0(sOIR) * NO(NOUv))
NO .0o. PPO NO .,4 PP N1 14.01 PPm I C14MIU"LIftsCtENE I
ENISSIONS 14010 LWO0 Le FURlk Coo 1*8.0 CNN* 1oo9

CHMnILUWACNICICO #m .60, NOl* 0 OUV NOil less

CtLCVI.IA|T FUEL/AZ. *A'lO FOR CNEMICAL ANALYSISI 6016414
CALCUATEO CONIUSTION IfFICIINCY PRO" CNIICAL ANALY5181 99,36 4 a

CIER Ow F/a RATIO0 FIA 6 .e1411 O Ole CALCULAEO @t 0 t?0,8i 1
SnORE IN~til .OO

SALZMAS waEs j.3 Ppu fz.*.

Fixure 340. Final Prhehaber Liner Nodifiemtion 'D- on Wall Fuel
Film Injection at Nonrtenerative 109 Power.
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T63 COMBUSTOR EXPERIMENTS * RIG S/U 7d TEST SERIES 92v READING f 10
T63 FINAL PRECHAMOER * MOD "DO RUN AT STD TO3 INLET CONDITIONS,

TEST DATE 6.28-72 READING WAS TAKEN AT 1466113 HOURS

CYCLE POINT I If I POWER SETTING

0*So* EXPERIMENTAL CONDITIONS **.

BURNER AIR FLO4W 1,845 LB/SEC AVG BURN!R INLET TEMP 361, DEG F
AVG BURNER INLET PRES d4.2 PSIA AVG BURNER OUTLET TEPP 1620, DEG F
AVE BURNER DELTA P 5,52 "G PRESSURE LOSS 6.14 

1 OVERALL F/A RATIO 91990 (F/N) FUEL FLOW RATE 73,93 LB/MR
AIR LOAD FACTOR tt24 PATTERN FACTOR '51344

SOT NOT SPOTS 4 165 1397, DEG F MAX SOT / AVG qOT 1.5610
FUEL INLET TEMPERATURE 96, OEG F FUEL INLET PRESSURE 415 PSIA
lEAT LOADING PARAMETER $29516EWt7 BTU/NOUR/ATMICUSIC FOOT

*..e BURNER OUTLET TEMPERATURE SURVEY ,a,,
I0 TENP I0 TEMP 10 T EMP 10 TEMP ID TIPP I0 TEMP ID TEMP

ANNULUS I t Mss S.S, 15 1380, 19 1623, 14 1360. 17 160 36 1147,
ANNULUS 2 4 1669, 7 939, 16 139?, I1 076, 25 963, 34 96, 37 114t,
ANNULUS 3 S 6O6e 14 1144, 17 1131, It 3 36, 10 047, 35 932, 3f 654.

LEFT SIDE .** AIR INLET TUsE CONDITIONS t* RIENT SIDE
TOTAL PRESSURE 44,14 P1A TOTAL PRESSURE 44,17 PSIA
STATIC PRESSURE 43,6 PM&* STATIC PRESSURE 43,0 PSIA
VELOCITY DELTA P .56 aMG VELOCITY DELTA P .9 @mS
AIR TEMPERATURE 3603 DES F AIR TENPIRATURE 361. 016 F
AIR VELOCITY 129971 FTiSEC AIR VELOCITY 133.9 FT/EIC
DIFFERENTIAL PRESSURES I(LEFT PaTOTAL)o(RISNT PoTOTAL01 -,038 ON

AIR FLOW DATA$ PuREFO 104.7 PSIA DELTA pe 1.66 *we *4R[#4 toe 0E6 P

FUEL SYSTEM OATMS
FUEL ?IN FEQUENCY t1q, %q VOLUMETRIC PyIN RaTE .77 SIH0/t
FUEL PRESSURE AT FiN It$7 P5i1 FUEL TEP AT P14 66. DES P

.ISCELLANEOU6 TRAMSOUCER RCAOINGS t.
PANIFODO AVERAGI SANER OUTLI' TOTAL PSEhSURE 41,44 P-A4
COMOUST'OR OUTER Cast STATIC *t60stJR 4$083 014 uOuCR a 11)
WENEt DIFFERENTIAL TOTAL PRESSURE S.4# 'NO 19OUCIN a 13)

* CsICAL AN Lts .
gas t-.AMPIs TAill IN PLAN lo

CO tells I OR 16D3DO I CO 400$ P9W CuI $$is PPp
NO 7.6 PPN Not t.7 PP" NOw 0,o? PPM viO(COIR) * NOCNOUV)..
NO $00 PPM NOt So PPM %ON 13OS PPM t CMMILUUIsICINCE ) I
E6ISIONS INODE, LI1"0 LO PUlLS COS 37o6 CN4 ties

CIlMILUNIN[SCENCI 40e 100 Ots e NOU v 01 0.4$1

CALCULATED FUELIAl' RATIO PRO" CHMICAL ANALYSISi 031129
CALCULATIE CO"GUSTION EFPIUCENCY PRO" CNINICAL AmNyLSi 9747861, 1

CnC99 Ow 0IA-ATIOO P/A 0 ,O1176 wIO O1, CALCULATD 03 0 *o1OM I

SALTZAN ,'I PON PP

Figure 341. final Prechember Liner Modification "D" on Wall ruel

Film Injection at Nonregmenrative 25 Powert
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T63 COMBUSTOR EXPERIMENTS - RIG BU 74p TEST SERIES 92# READING 0 1822
T63 FINAL PREC4AMBER - MOD "O" a RUN AT STO T63 INLET CONDITIONS.

TEST DATE: 8.28.72 READING WAS TAKEN AT 1453143 HOURS

CYCLE POINT 5 46 X POWER SETTING

***** EXPERIMENTAL CONDITIONS *****

BURNER AIR FLOW 2.557 LB/SEC AVG BURNER INLET TEMP 396, DEG F
AVG BURNER INLET PRES 64,3 PSIA AVG BURNER OUTLET TEMP 1254. DEG F
AVG BURNER DELTA P 6.88 #MG PRESSURE LOSS 6.78 1
OVERALL F/A RATIO .01385 (F/M) FUEL FLOW RATE 120,15 LB/HR
AIR LOAD FACTOR 1.1632 PATTERN FACTOR 33691
BOT HOT SPOT$ k 16 v 1543. DEG F MAX SOT I AVG SOT 1,2305

FUEL INLET TEMPERATURE 42, DEG F FUEL INLET PRESSURE 60.4 P81A
HEAT LOADING PARAMETER ,33341E*@7 BTU/HOUR/ATM/CUBIC FOOT

*0*, BURNER OUTLET TEMPERATURE SURVEY '***

10 TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP
ANNULUS 1 2 1208, 6 1854, 15 1535, 19 1201, 24 1541. 27 1415, 36 1263,
ANNULUS 2 4 1279, 7 1065, 16 1543, 21 1327, 25 1389. 34 1154. 37 18094,
ANNULUS 3 5 1030. 14 1372, 17 1357. 22 1329. 26 1132. 35 1055. 39 1661,

LEFT SIDE ** AIR INLET TUBE CONDITIONS 0.* RIGHT SIDE
TOTAL PRESSURE 64.27 PSIA TOTAL PRESSURE 64,34 PSIA
STATIC PRESSURE 64,03 PSIA STATIC PRESSURE 64,84 PSIA
VELOCITY DELTA P ,49 "MG VELOCITY DELTA P .61 "MG
AIR TEMPERATURE 398, DEG F AIR TEMPERATURE 396, DEG F
AIR VELOCITY 105.33 FT/SEC AIR VELOCITY 117,48 FT/SEC

DIFFERENTIAL PRaSSUREI tCLEFT PvTOTAL)v(RIGHT PvTOTAL)] -,143 "HG

AIR FLOW DATA: P*REFp 183.6 PSIA DELTA Ps 3.12 "HG T-REFv 163. DEG F

FUEL SYSTEM OATAI
FUEL FIM FREQUENCY 443, HZ VOLUMETRIC FLOW RATE 19,39 GAL/HR
FUEL PRESSURE AT FAM 112.5 PSIA FUEL TEMP AT FIM 92, DEG F

'. MISCELLANEOUS TRANSDUCER READINGS **

MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 5094 PS1A
COMBUSTOR OUTER CASE STATIC PRESSURE 63.29 PSIA CXOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 6.61 "HG (OUCER 0 13)

* CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE #1

C02 2,220 X 02 17,?8 X CO 129.4 PPM CNX 4,4 PPM
NO 14.0 PPM NOR 19,6 PPM NOX 25.4 PPM INO(NDZR) * NO2(NOUV)]

NO 17.3 PPM NO2 10.2 PPM NOX 27,5 PPM 9 CHEMILUMINESCENCE I
EMISSIONS INDEX, LB/ItiS LB FUELI CO* 9,71 CMxH .52

CHEMILUMINESCENCE NOXU 3,390 NOIR * NDUV NOXI 3s13

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISS s@16822
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 99o6534 X

CHECK ON FIA RATIO9 F/A a 918728 WIO 0. CALCULATED 02 a 17,86 1

SMOKE INDEXI .00
SATZMAN NO, . PP E . .

Figure 342. Final Prechamber Liner Modification "D" on Wall Fuel
film Injection at Nonregenerative 40% Power.
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T83 COMBUSTOR EXPERIMENTS * RIG 6/U 74# TEST SERIES 92p READING V 1023
T61 FINAL PRECHAIBER *0O '0" RUN AT ST6 T63 INLET CONDT70NS,

TEST DATEI 8-28-72 READING WAS TAKEN AT 1523143 14OURS

CYCLE POINT 4 55 1 POWER SETTING

***. EXPERIMEkTAL CONOITIONS *ae
BURNER AIR FLOW 2,748 LB/GEC AVG BURNER INLET TEMP 43, DEC FAVG BURNER INLET PRES 71,4 PSIA AVG BURNER OUTLET TEMP 1l1, DEC F
AVG BURNER DELTA P 9.7 'HG IPRESURE LOSS 6,87 2
OVERALL F/A RATIO v9146% CF/M) FUEL FLOW RATE 144,47 LB/MR
AIR LOAD FACTOR 1,1476 PATTERN FACTOR .33454
SOT NOT SPOT$ # 16 a 1699, DES P MAX SOT / AVS SOT 1,2394
FUEL INLET TEMPERATURE 93. DES F FUEL INLET PRESSURE 67,9 PSIA
HEAT LOADING PARAMETER ,36169E*87 STU/HOUR/ATHMCUBIC FOOT

BURNER OUTLET TEMPERATURE SURVEY *"t
10 TEMP 10 TEMP ID TEMP 1D TEMP 10 TEMP 2O TEMP 1D TEMPANNU.US 1 2 1342, 6 1154, 1;v 1673, 19 1336, 24 1687, 27 1560, 36 332,

ANNULUS 2 4 1435. 7 1173s 16 1699, i1 146, 25 151f, 34 1235, 37 1232,
ANNULUS 3 5 1153o 14 1522s 17 1514, 22 1457, 26 1205, 35 1164, 39 1198a

LEFT SIDE *" AIR INLET TUBE CONDITIONS *'. RIGNT SIDE
TOTAL PRESSURE 71,45 PSIA TOTAL PRESSURE 71,42 PSIASTATIC PRESSURE 71,6 PSA STATIC PRESSURE 71,01 PSIA
VELOCITY DELTA P .79 '3G VELOCIT DELTA F .82 'HOAIR TEMPERATURE 433, DEG F AIR TEMPERATURE 430, DES F* AIR VELOCITY 129,19 PTISEC AIR VELOCITY 131,51 Ft/SEC
DIFFERENTIAL PRESSURE: t(LEFT P-TOTAL)-CRIG T PoTheAL)] f63 'ING

AIR FLOW DATA$ PsR[Fu 128 PSIA DELTA P4 3,63 PHG T*REPgf 161, PEG-r

FUEL SYSTEM DATAI
FUEL F/N FREQUENCY 533, NZ VOLUMETRIC FLOW RATE 23.33 GAL/HR-FUEL PRESSURE AT F/M 101,4 PSIA FUEL TEMP AT F/M 93. DEG F

* 1SCELLANEOUS TRANSDUCER READING& ec'
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 66,87 SA
COMBUSTOR OUTER CASE STATIC PRESSURE ?#,?I PSIA (XOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 9*v3 "A (XDUCER 0 13)

0 CHEMICAL ANALYSIS RESULTS *
GAS SAMPLE$ TAKEN IN PLANE 61

COR 2e476 1 02 17,433 a CO 158, PPM CMX e7 PPM
NO 25,3 PPM NOR 14,F PPM NOx 46,8 PPM tNOCNDIR) + N02(NDPUVI)
NO 27s5 PPM NO2 11,7 PPM NOX 39s2.PPM t CHEMILUMINESCENCE ,.EMISIONS INDEX, LI6/ISS LN FUELS CON 18,53 CMXv 417

CHMILUNINECENCE NOXI 4933p NOIR 4 NDUV NOX -4,41

CALCULATED FUELiAIR RATIO FROM CKNICAL ANALYSIS$ ,811n97
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANAYS1 90,67 9 X

CHECK ON F/A RATIOs F/A 9 111999 W/O 02, CALCULATED Of a 17,539 2

SMOKE INDEX: .1 4
SALTZMAN NON I .3&.Z PPM

Figure 343. Final Prechamber Liner Modification "D" on Wall Fuel
Film Injection at Nonregenerative 55% Power.
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T63 COMBUSTOR EXPCRIMENTS RIG 9/U 74# TEST SERIES 92, READING a 1024
T63 FINAL PRECHAMBER a MOD "0" a RUN AT ST T63 INLET CONDITIONS,

TEST DATES 8-28-72 READING WAS TAKEN AT 1541127 HOURS

CYCLE POINT 3 73 1 POWER SETTING

.e*0* EXPERIMENTAL CONDITIONS *oe.*
BURNER AIR FLOW 2,955 LB/SIC AVG BURNER INLET TEMP 472, DEG F
AVG BURNER INLET PRES 81 4 PSA AVG BURNER OUTLET TEMP 1551, DEG F
AVG BURNER DELTA P 19,21 "HG PRESSURE LOSS 8,15 2
OVERALL ?/A RATIO 96166 (F/M) FUEL FLOW RATE 176,21 LBIMR
AIR LOAD FACTOR 1,179 PATTERN FACTOR ,45571
OT HOT SPOTS 4 16 s 2643, DES F MAX SOT / AVG BOT 1,3176
FUEL INLET TEMPERATURE 93, DEG F FUEL INLET PRESSURE 79,2 PSA
HEAT LOADING PARAMETER 038613E*07 BTU/HOUR/ATM/CUBIC FOOT

:..a BURNER OUTLET TEMPERATURE SURVEY ****
ID TEMP I0 TEMP 1D TEMP ID TEMP 10 TEMP ID TEMP 1D TEMP

ANNULUS 1 2 1466, 6 1305o 15 1976, 19 1488, 24 1739, 27 1465, 36 1671,
ANNULUS 2 4 1462, 7 1337, 16 2843, 21 1495, 25 1455, 34 1612, 37 1534,
ANNUL'S 3 5 1271, 14 1844. 17 1775, 22 1484o 26 1311, 35 1495. 39 1356

LEFT SIDE *** AIR INLET TUBE CONDIVIONS a*. RIGHT SIDE
TOTA6 PRESSURE 61,35 P514 TOTAL PRESSURE 51.96 PSIA
STATIC PRESSURE 31,7 PSIA STATIC PRESSURE 81,61 PSA
VELOCITY DELTA P '59 WHO VELOCITY DELT4P e99 "H
AIR TEPERATURE 472, DEG F AIR TEMPERATURE 472, DES F
AIR VELOCITY 106,62 FT/SEC AIR VELOCITY 138,61 FT/SEC
DIFFERENTIAL PRESSUREI M(LEFT PaTOTAL19CRIBHT P-TOTAL)) we296 "HG

AIR FLOW DATAI PwREFv 112,4 PSIA DELTA Pe 4,22 pHG TeREF# 161, DEG F

FUEL SYSTEM DATAI
FUEL F/M FREQUENCY 6529 4z VOLUMETRIC FLOW RATE 28,46 GAL/HR
FU9L PRESSURE AT F/M It4*4 PSIA FUEL TEMP AT FIN 94, DEG F

1. MISCELLANEOUS TRANSDUCER READINGS 'a
MANIFOLD AVERAGE 3URNER OUTLET TOTAL PRESSURE 76,42 PSIA
COMBUSTOR OUTER CASE STATIt PRESSURE 61,04 PSA CXDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 13.65 "HG (XOUCIR 0 13)

C CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

C02 3,024 X 02 16,666 x cc 156,7 PPM CNX .2 PPM
NO 43., PPM N02 16,6 PPM NOX 57,4 PPM CNOCNDIR) * NO2CNDUVII
NO 39,2 PPM H02 It? PPM NOX 56,9 PPM t CHEMILUMINESCENCE 3
EMISSIONS INOEX LB/1199 LB FUELS COO 9,31 CMXe le2

CHEMILUNINESCENCE NOXv 4,96, NOIR # NDUV NOXG 5,66

CALCULATE' FUEL/AIR RATIO FROM CHEMICAL ANALYSS1 ,ft4524
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 0997346 1

&NECK ON F/A RATIO* F/A g ,14330 W/O 02, CALCULATED 02 I 16,863 X

SMOKE INDEXI .00
SALYZMAN NOX • PrM • &...r

Figure 344. Final Prechamber Liner Modification "D" on Wall Fuel

Film Injection at Nonregenerative 75% Power.
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The vaporizer tube centerbody in the Prechamber Modification "D"
combustor permitted a significant reduction in hydrocarbons. As can
be seen in Figure 345, the CxH concentrations from the Prechamber
combustor are all lower than those from the conventional liner.

Carbon monoxide emissions were reduced slightly more in Modification
"D", Figure 346, but the NOx concentrations seen in Figure 347
definitely increased over the Modification "C" emission concentra-
tions. The CO vs NOx curve for the Prechamber Modification "D",
Figure 348, is quite similar to the previous configuration.

Smoke/particulates from Modification "D" were zero. This is the
only configuration of a "Final Prechamber Combustor" that produced
no smoke. Temperature profile, however, remained a significant prob-
lem, see Figure 350. In no Final Prechamber configuration did
wall fuel film operation produce an exhaust profile comparable to
pressure atomizer operation or to the "Preliminary Prechamber Com-
bustor", which used wall fuel film injection.

Using extrapolated 100% power emission concentrations when no test
data were available, the Final Prechamber Modification "D" combustor
was seen to prodice 47% less total emissions than the conventional
T63-A-SA combustor over the LOH duty cycle and allowed no increase
in any constituent emission. Even though this combustor fell 3%
short of the 50% emission reduction goal, its elimination of smoke
and reduction of each constituent emission make it the "best" wall
fuel film Prechamber combustor of the Final Prechamber configura-
tions. 4

A summary of five Final Prechamber combustors operated on wall fuel
film is presented in Table LXXXII. It is clear that the rich
operation of the Initial Design and Modification "A" produced low
hydrocarbon and carbon monoxide but high smoke. Modifications "B",
"C", and "D", however, produced almost no smoke, with their more
lean reaction zone and vaporizer section, but suffered from
increased hydrocarbons and carbon monoxide.
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TABLE LXXXII. EMISSION INDEX SUM4ARY FOR T63 BASELINE AND
FINAL PRECHAMBER COMBUSTORS

Particu- Total

Comustor Tested CXHy CO lates Emissions

EMISSION INDEX (lb/lO00 lb fuel)

* Baseline 1.544 26.094 5.068 .239 32.945

* Final Prechamber-
Wall Fuel Film

Initial .126 13.247 4.732 .337 18.442

Mod. "A" .176 10.910 4.378 .274 15.738

Mod. "8" 2.077 13.810 4.092 .022 20.001 C,

Mod. "C" 2.119 12.834 3.670 .007 18.630

Mlod. "D" 1.033 11.947 4.584 .000 17.564

iLLATIVE £M1SSIO#4 INDEX ( )

* Baseline 100 100 100 100 100

"~ Finil Frevhaaiber-

Wall Fuel Film

Initial 8 S1 93 141 56

Mod. "A" 11 86 115 48 .

lod. "3" 135 S3 $1 9 61

Mod. "C" 137 49 72 3 57

od. "D" 67 46 90 0 53



APPENDIX IV
DESIGN AND EXPERIMENTAL RESULTS OF THE FINAL, MODIFIED

CONVENTIONAL LOW-EMISSION COMBUSTORS

TWo final combustor configurations were selected from the test A
results of the seventeen preliminary combustors evaluateo duringA
the first part of Task 3. These two final combustors were identi-
fied as the "Final Prechamber Combustor Liner" and the "Final Modified
Conventional Combustor Liner". Reported in this appendix is the
"Final Modified Conventional Combustor Liner".

Four preliminary low-emission combustor ccncepts which demonstrated

effective emission reductions were incorporated into the "Final
Modified Conventional Combustor Liner". The Modified Conventional
Combustor concept was envisioned as the inclusion vf current-tech-
nology emission abatement techniques into the basic envelope of the
Conventional T63-A-SA combustor liner. The axial length of the
Modified Conventional combustor was maintained equal to the conven-
tional cumbustor, as were the liner dome, Ignition system, primary
zooe section, and axial cross sections. The emission abatement
concepts added to the conventional combustor were the following;

* Convection cooling of the primary zone.

0 Delayed dilution.

* Va'iable dilution geometry. A

* Air-blast fuel injection.

The first three of these concepts when incorporated into the Conven
tional T63-A-SA combustor liner resulted in the initial design
Modified Cooventional combustor liner shown in Figure 3SI. In this
design, the variable-geometry dilut.oo band was fabrieted for two
geometry settings. The "closed" setting was a set of six 1.047-inch-
diameter holes which distributed the liner flow splits in the same
proportion as the flow splits in the Conventional T63 combustor. In
this setting, the maximum-powetr primary-sone equivalence ratio was
0.77, and the emission reducti ns obtained relied upon the primary-
zone convection cooling *ar the delayed dilution. The second dilution
geometry setting injected dilution air through a set of 1.37-inch-
square holes. This setting repeated the flow splits in the regenerative
163 combustor and was intended for use at regenerative conditions.

The "Modified Conventional Initial Design Combustor" produced low
total emissions, but NOx and particulates were above the Conventional
163 levels. The initial design was rewrked into Modification "A"
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in an attempt to reduce the NOx and particulates. The single change
that was made was a rework of the dilution-zone variable-geometry
section. First the dilution holes were moved 2.00 inches upstream
from their initial axial location (2.10 inches from the end of the
liner) to the location of the Conventional T63 combustor dilution
holes (4.10 inches rrom the end of the liner). This location still
retained some delayed dilution, as the trim air in the Conventional
Liner, which is injected through a row of holes located an additional
1.25 inches upstream of the dilution holes, was combined with the
Ilution air at the dilution hole axial location. The dilution holes

were redesigned into a set of six 1.22-inch-square holes with 0.41-
inch-radius rounded corners. A photograph of the Modified Conven-

* tional Modification "A" combustor is shown in Figure 352.
A lack of variable-geometry effectiveness, which was experienced

during the testing of the Modification "A" combustor, was found to
have resulted from the seizing of the dilution slip band and then
the severe bending of the variable--eometry actuator tabs. The
deformation of the actuator tabs can be seen in Figure 352. The
emission results were greatly Increased over those from the initial
design, since a reduction in total emissions of only 26% was realized.
The poor performance was due ir part to the low pressure loss and
the insufficient mixing and recirculation resulting from this ltiw
loss.

ModificatIon "B" of the "Final Modified Conventional Combustor Liner"
was the refti,,ng of the concepts In Modification "A" plus the change
from a standard T63 pressure atomiuinR fuel injector tn an air-blast
pressure .atomizing fuel Injector, which had been evaluated in the-
preliminary low-emission combustor cnneeot tests. In addition to
the fuel injector ehange, the dilution varable -geomftry section was
replaced with new hardwat'_ which improved the mechanical operatinn
of the slip Land and strengthened the actuator tahs. To increase
the prvssurt loss and improve mixing and re r-ulation. the r mary
zone and dilution zone holes were reduced. The orimary anne hnls
were reduced from Ot10 Inch diameter tn O.SlO inch dismoter and
the dilultlon holes were reiuced from six 1.22-ineh-square holes
with O.4l-inch-radius corners to four 1.22-inch by 1.41-inch holes
with 0.41-itih-radius corners. The four dilution holes were fabri-
cated on a basis of six holes; each pair of holes was adjacent to
the Inlet air from the two engine feed arms. An external view of
the Modified Conventional Modification "B" combustor liner is
presented in ,igure 3S3 and an Internal view in figure J!)..

The mochanicril operation of the Modification "0" variable-geometry 4
dilution 41ip band proved to be quite satisfactory, and four
different gcometry settings were used during the rig testing:
0%, 28%, 50, and 71% closed. The 28% closed setting corresponded
to the "nonregenerative" setting, duplicating the Conventional T63
c mbustor flow splits. The 0% closed setting corresponded to the
"regrnerative" liner flow splits.
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Modification "B" was the final configuration in the "Final Modified
Conventional Combustor Liner" series on this contract. With two dilu-
tion geometry settings, 28% closed at low power conditions and 50%
closed at the high power conditions, Modification "B" reduced total
emissions 51% over the LOH duty cycle when compared to the Conven-
tional T63-A-SA combustor emissions. All constituent emissions were
reduced except particulates, which were 25% above the Conventional
T63 baseline levels. Compared to the particulates measured from a
Conventional T63 combustor in the second baseline retest, the Modi-
fied Conventional Modification "B" combustor particulates were 73%
lower.

The detailed emissions and combustor performance results for the
Modified Conventional combustors are presented in the next section
of this appendix.

TEST RESULTS

The testing procedure followed for the final combustor configurations
is shown in the schematic in Figure 355. The two final configura-
tions, Modified Conventional and Prechamber, were fabricated and
instrumented with skin tiermocouples. Each was tested at T63 non-
regenerative conditions and lean blowout was determined. After the
data were analyzed and the duty cycle emission index values were

*: computed, the liners were either modified and the nonregenerative
tests rerun or the final modifications were tested at T63 regenerative
conditions, ambient startup conditions, and a set of parametric condi-
tions. The final set of tests was performed on Modification "B" of
both final design configurations.

Emissions and combustor performance data for all three modifications
of the Final Modified Conventional combustor liner were recorded at
various dilution geometry settings and each of the six T63 non-
regenerative operating conditions. In addition to the automatic dataacquisition instrumentation read for each low-emission combustor :

tested, a set of three skin thermocouples was attached to the
Modified Conventional combustors as indicated in Figure 356. Tem-
peratures from these thermocouples were manually recorded at each
data point for the initial design and Modification "A". Mechanical
failure of the thermocouple leads inside the convection cooling shell
prevented the acquisition of any skin temperatures from the Modifica-
tion "B" testing.

The following sections present the test results from the Final I
Modified Conventional combustor tests.

Initial Resign

4
The Final Modified Conventional Initial Design combustor liner
incorporated two dilution geometry settings. The "open" setting
was a set of six 1.37-inch-square holes, which enriched the primary
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* FABRICATE TWO LINERS

MODIFIED CONVENTIONAL

PRECHAMBER

* INSTALL 3 SKIN THERMOCOUPLES
ON EACH LINER

0 NONREGENERATIVE TESTS

TWO LINERS

6 CYCLE POINTS

LEAN BLOWOUT FROM IDLE

* MODIFICATIONS (AS
MANY AS NECESSARY)

BOTH LINERS

* REGENERATIVE TESTS OF
FINAL MODIFICATIONS

BOTH LINERS

4 .4

. AMBIENT TEMPERATURE AND
PRESjURE TEST

BOTH LINERS

* PARAMETRIC TESTS

BOTH LINERS

Figure 355. Program Plan for Testing Final Combustors.
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zone to stoichiometric conditions at the nonregenerative fvel-air
ratio at maximum power. This open setting was intended as the
regenerative operating condition setting for the combustor. The
closed setting was obtained by moving the dilution slip band until

dilution air was injected through the set of six 1.047-inch diameter
holes. This closed setting was intended as the nonregenerative
operating condition setting for the combustor. During the non-
regenerative tests, data were taken for both dilution settings for
power settings up through 55% power. Only closed setting data
were recorded for the 75% and l00 conditions because of the very
poor exhaust temperature profile produced with the open dilution
setting.

The detailed combustor/test rig data sheets from the "Final Modified
Conventional Initial Design Cambustor Liner" nonregenerative tests
are presented in Figures 357 through 366. A summary of the
emission, pressure-loss, and temperature-profile data is listed
in Table LXXXIII for both dilution geometry setti*ngs of the Modi-
fled Conventional combustor. Pressure losses for the closed
setting of the Modified Conventional liner compare quite favorably
with the Conventional T63 liner pressure loss values.

The constituent emissions for the nonregenerative test of the
M odified Conventiinal combustor liner are compared with the Conven-
tional T63 combustor liner and the Preliminary Low-Emission Extended-
Length Concept combustor liner in Figures 367 through 71. Both

* dilution geometry settings of the hodified Conventional combuator
reduced the hydrocarbon emissions to a very low level, as can be i
seen in Figure 367. These emissions were even-significantly below.
the Extended-Length liner concentrations. The carbon monoxide
emissions, from the Modified Conventional combustor liner, Figure368, were also reduced to a very lov level, especially in the.|

dilution closed position. Total nitrogen oxides for the Modified
Conventional combustor were higher than for the Conventional T63
eombustor, especially at the higher power settings, see Figure 369.
The NOx concentrations closely paralleled the levels produced by
the Extended-Length liner. The CO vs NOx tradeoff curves in
Figure 370 clearly show the reductions !n CO. but the success In
these reductions was offset by the NO increases. Smoke/ $
particulate* for the Modified Conventional combustor were also
higher than for the Conventional T63 combustor smoke levels, see
Figure 371. The open dilution setting generated very high soke,
even at the low power settings.

When emission index values for the LOA duty cycle were computed
using the emission constituent concentrations from the Modified
Conventional combustor operating In the closed dilution setting,
the results showed a reduction in total emissions of SYS, compared
to the Conventional T63 combustor. This total emission rediuction
was accomplished because carbon monoxide mass emissions were reduced
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Oubaml OIFENfktZfAL IOTAL PICSSURC $.44 *N4 cloucEp-10 13)

*CIAINUAL 6NALYSII RISIJLIS 6
GAS 8AMPIS TAKER N ttPL446 *I

COR t#351 k lost . 1- cc CO o1t'. Pon CMI see P9W
*0( 14,S, PPA slot 0 ? POP how is*$ PPp (WOENOIR) "Of@1(WUV)i

60 PP" hot .6 PPp New 's PPnM 91CHIuptlUKIscaiRcaI
tMisSIobs lu~th. 011904 L6 FUELS COO 11641 CM 1

CS'&PI1.."WNESCIUC WON* 6040 Not* "buy V01* 3.0

CALCULAtf) #VkL/AtO &AtIO PROP CMOR1AL AbALYSISS '611161
CALcuLD?1 CO"SubtIow eppICtIECY POOP CNINICAL AVALY6I8 90606 a

CHIC% ON F/a RATIO* P/A 0 *011316 VICOl @C ALCUL.ATED @16 170710 2

SALTZ"Aft NN pop. 4*9

Figure 359. Final Modified Conventional Liner, Initial Design,k
at Nomvrgeerative 25% Power -Closed Setting.
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T63 COPIOUS.1W kPFkI1mtNTS RIG 3/U 46# TEST SERIES 55, READING a 725
T6 .4 0cI1Ith Cn1#Vt -TIUNAL LINER k110 VARIAbLF GEOMETRY DILUTION ZONJE.
1tST UATtl 6-PW-72 READING WAS TAKEN AT 1343111 HOURS

LYCLE P'OINT E6 VANIAOLE GEO"EIRY 6 1 CLOSED 25 1 POkW(R 69TTINS

...EXPEI04EKTAP CONDITIONS 0O
"~1etNER AIR FLOw 2,2b5 LOISEC AVG OURNER INLET TEPP 351. 096 F
*V6 bLINNEN INLET PNIS 34.9 P3IA 4V6 BURNER OUTtT TEMP 11116 096 F
*b(, aUR~.R tEL1A P 4.11 'G PRESS11RE LOSS 3.67 X
0VkRALL F/A WATJ1j 012P? (ffir FUEL FLOW kATE 61.64 1,611R
410 LOlAD FACTORi 1.1702 PkTTIRI FACTOR 837281
oPI1 Pol SPUTi 6 21 v 1548. DtG F MAX 6O1 /' AVG tot 1.311
FUbL IkL~t 1tPfk1URF 112. 03.6 F FUkL INLET PRESSURE 130.1 PSIA
OEAT LOADING PAN&PETtR *306661*t7 bTU/,WOUk#iM/PCUSIC FOOT

BURNER OUTLET TFPPtRATURI SURVEY se
It' 1tPP 10 TE"tP ID TEPP 10 ?EPP 10 TEM4P 10 TONP 10 ?EPP

Akfam)US 1 2 12114, A 954. 19 042, 10 1213. 14 911, 27 93, 36 1191o
AN IuL'IS 2 * 1014i. ? 940. 16 118?. P1 1546, 15 579, 3# 1384. 37 1174,
A%1,ULUS 3 %' 911s.Id. IA??. 17 1342. It 1367, 16 05?, 35 113 3 ts 47,

LEFT 3101 AIR13 INLkT ITUBE CONDITION$S otia 316"T SIDE
TOTAL POC.S5t0kE 54,09 PSIA TOtAL PRISSURI 64091 P6IA
STATIC PRLSSU~ht 04.56 PSIA STATIC PRESSURE 54.666 P8tA
Vtt..C1TYOELTA F .64 ""S VELOCITY DEL1TA P oil Sw
159' TkiMPE"AluNi 352. 014I F 419' UPPERATURE 33. 016 F
Alk VILOCITV 386.65 FT/SIC AIR VILOCItY 133.17 FT/SEC
DifflePENIIAL 1064SSUM t (LEFT FatOTAL).(Mlf.wT P*TOTAL)) 04690 INS

a1k ULUW0111A frokfSm 10400 PSI* CtLTA P4 3.31 0144 TOR(I $to 096 F

FIt PIP FRF4411NCVY 160, I'? VOLU"IRIC PLO"WIT 19.Y3 SAL/KR j
F uttL PhESSUbt AT 010 343,0 PIA FUEL TEmp AT rp, -ISO on6 F

."ISCILLAkIVUS TRA1;1OUC1 0fe#0wSI68
Ml~kt#OLO AW4itNb tlkEk (ltTt?a RSUI 5.0PI
CUP qus1ON OUT#Q Las( STATI C PRSsupt S3,413 PSIA tIOUCES 0 31)
600490' oIVPIRINTIAL ?OTAL **[$uet 4601 *No (aSucto e 13)

0 Cwt*IC*L 4"ALYStS OtSULTS
GA8S APPL&S tAAIO IN PLOki lot

Lot Ites t41i $set#$ CO &Sol PP. CoMI lot pp
UPI 185 PP'S Not 16.11 polo #01 3.'? PPN (ImotSht no WO(160p5) I

P PP Ntt 'S Pop Not of PP" t CIILUNZI*Cthet
tPltSSIO%1 I*Ottb LB/10f Ll FUILI COO 11*31 CI. all

t1%tPIL1II~ti$CESCt %0X* at* 4O10 * %OyW have 4.046 I

CALLUL1P4 FtkL/Illk O*110 FwOP CW4ICAL . NALYSIS$ *ess.
CALCIJLI!E WCeWLbIAN. WF/CI~kOT FROw CotPICAL A1NALYSS 01,80$$ 1

C'SIC* ON FtVo F/A 0 t S.1440P/ p, * CALCULATED 0t * 114011 1

spe~t INDEX$4.5

Figure 360. final Mocdified Conventional Liner, Initial Design,
at Nonregeneretive 259 Poma - open Setting
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Ib.4 ColftigT Fwf 4PektjT4 RIG P/U 41's TEST SERIES 55, READING a its
T6. hOO)ItrE CC4VE~T1Ot'AL LIKEN kbll, VARIAOL9 GEOMETRY DILUTION ZON~E,
1W TEI11 6-22oV READING WAS TAXIN AT 1600129 HOURS

TCV(Lk POIT1 5 V*.IABLE, GEUPFTRV f X CLOSED 46 2 POWERt SETTINS

. .. ESPERIM&9WAL CONDITIOS * **;00 " 9 , 1
OUkEh AIR FLO*. 20093 Lb/SfC AV6 bux"Ift IWLE TEi DIp
AVG I4UOMER LNLF7 Phk$ 63,7 PS1* AVG bUpNER OUTLET TEMP 1aos. DES F
AVG. SRNMER DkLTA P .156 '1. PRESSURE L0S1 1.03 x
CvkQ*LL F/h QhT1O .01324 (F10) FUkL FLOW RATE 116,95 LIMWI
Ath LOAD FATIuR 101497 PATTERN FACTOR *4066
W O Y 3C PUT1a 21 a 1047, DEG F PAN boy / AVG GOT 1,3334
*UkL IkLtT T00kk&YULRE 110, DEhG F UlL PLiT PRESSURE 250.2 P51*

* MEAT LVhOI.I, PA60WR 4941dth.t? STL/MUSIRA101CU8C P00?

*..a OUk'sIU OUTLET Tt"PERA1LDRI SURVEY 00

ID TEPI Ir TENP 1D TfPP 10 TMPP 10 TEMP !0 Tt9P tD flop
Ah"Utt)S I I 1Pe6 1075. 15 12S2, it 1334, 1d 13. 1? 1041, 30 1144,

* M"ULUS 2 d 112h. 1 1994* 10 1134. 11 MY07. 6 962, 34 1361. 37 fit?*
bw")'LIP4 3 5 Iva?. 14 124f, I? 112A, 2 td?145, 26 11*6 35 1160. 30 443419

WTF SIDE . AIR 14iLET %B~E CO'kD11IOWS oIGNI $lot ID
l10a4L PRE36iV"i 03.60 P516 TOTAL PRESSURE 03.71 911
3.FATIC 0A13S*V0E 03.31 PSIA STATIC PREISURI 63.3? PSI&
VELOCITY DELA F .7? QWG VELOCITY DELTA P '21 'N$

*Atk t(PFRAYQUfE 305, DEG p *11. TEOPtRATURE 3964 015 p
At" VELOCITY 142.59 PT/SEC £19 VILOCITY 183.16 Pt/SC
G1FFE404T1*L P1AVtt~ tfLLFT-P*TDTAL)-(R16MT P*T~tAL)3 *fell am5

£tIk *LOO fGAI&I 10011$8 144,2 '51* CtLTA of too? 0146 ?.*if$ so, ots p

FULL. F/81 PiffUU00C 43Y, MIR VOL1UMETAIC FLOI RATE 11#13 SAL/R
FUEL P41130fk~ *1 #IP 90.90 PSI& FUtL TINP AT FIN of* Des F

**PISCEILLA-01109 tAW~DUCtA RE$O01eSS .
Pat tollI) M01444 #I btm~ OUftlE tTAL pattavof $led$ 9,1*
co.qusToo oult C661; S14TIC 001Esuht . 61. PSI& (NovCe* 0 It
11U*%t4 DIFF&4(IAL 101fl. PRESSU01f at$$ 0"S MRuCto 0 13)

GAS SAMLES TA( ItN O01 6
Mf) 20401 % (1 00904 1 CC 4-6 Opp. Coll It PPMC

'I 33,0 PPst k7 I&,$ PPI %.Ck 61,0 poll 14100014X) 4020ev)3
Pop e PPM 8 hbtt POP king .1 PP t CHIPILVOIN96CENI I

Oftfsllo&s Ih,,E.. L#'/t'9'. L9 FULLS CC* 1d,51 Colo *is
clot p .tunIftSCtkct hDso e.39. vOts # wouV 010se .

CALCULAW PtIILAI *AltoOOO OMME1A AhALYS161 '01141y
CALCULSTIO COPk"L51II41 tFPIC11%CT f&OM L"O".CAL, kxALVIII 90.06 1

CREtCA 041~t IATO W F/0 #1 .*It$#* blo Q?. CoLCUJIATICOf 0 11,431 171 Als
figre36, trw Mdiie Cnvetin~ Lne, 11H1 e7g1

-a ore~eatv 0%Pw Oe etig



T6,4 COMSUSTlR EYPEk1MENTS *WIG 61U 46v TEST 3141ES 55o READING 4 737
TtC3 mnOIFIEL) CO VWbIOK.AL LINE* hITIO VARIAOLt GEOPETRY DILUTION ZONE.
TEST fATf 6-22-72 READING IbA3 TAKEN AT 1521156 14OURS

CV[Lt POINT 5 ANWLE GEDHETkV 1fe I CLOSED 40 1 POWER SETTING

a..EvPEkI'kTAL CONCIIONS ee
tt-R'.U AIR FLOO 2,515 LOSSE AVG BURNER INLET TEMP 307. cgs F
AVG~ bIRNIR MI.LT PRE3 63,0 PSIX AV6 BURNtR OUTLET TEPP 1132s16 E
AVU BURNEM DELTA P 8.16 91*6 PRSSURE LOS$ 4.75 x
OVERALL F/A RATIO FPI310 (F/P) FUEL FLOb RATE 11I.$0 LumpR
AIN LOAD FACTOR 1615dEp PATTERN FACTOR *1344
8Ci MOT SPOTI b 21 a 1431. DEG F PAX 1OT 1 AVG BOT 101617
FUEL INLET TtmPkkf0iNk 122. 011 F FUkL INLET PRESSURE 2590 PSI&
PEAT LCACI~b PARAISWER .4431SEW9 bTLDWCUk1ATM/CUSIC FOOT

NU&kIR OUTLET TEMPERATURE SURVEY *e
IC TEMP 10 TEMP 1D TtMP 10 TEPP 10 TEPP 10 TEMP 10 TEMP

AN%1)LIJS 1 2 1225. 0 1177. 15 lilt* t0 1101. 24 1160. it Its?, 36 1157.
AkkULUS 2 4 1115. 7 1216 16.1150. Of id3l, 25 1161, 34 1361. 37 1101.

A jL~, N 1144, 14 1104. 1? 1460, 01 1303. 26 1251. 35 131., 30 1203.

LEFT SIDE set AIR ILiT TUBE COhOITI~k8 R16M SIDE 50
T01A6 FaESukt 63.?7 PSIA TOTAL PRESSURE 63.70 PSIA
STATIC POESIual 63,dE PSI& STATIC PRESSURE 63,37 pill
VkL('CITY DELTA p '66 all$ VELOCI DELTA P 014 ONG
hill ItEPERATUE 306, DtG f aft TEPPERATual 30?. 0EE P F
A1W VtLOCITY 32?,?S FTiSEc WJ VELOCITY 130.13 PT/StC
VIPFFIeETIAL PRESSURES ((LEFT P.?OTAL).(MIEMT P-lOTAL)) **see

elk PLOiN DATA$ FeNEO 10401 061A DELT& Pe 1.80 GNE T-ape at* 016 9

PhkL SYSTE.' DATAS
FUEL *fil PSIQUtWCV 436, $,1 VOLUM1161C FLOW RATE Its$$ SALIMR
Not PRESSuRE AT Fjv 43304 P~tA PUJL ?top at Pfin seec. 0(P

** MZ8ELLAftEOUS TRAhID1UCI0 6CADIUB ..
PIAhIFOL AVNAW NUMO&C OUTIAT TOAL PRESSUNI 66075 P514
COP-4USTOR OUTER CASE ST&TI PRSURI M1.0 Pit& (vOuCER* a1I)
*uS41O voIptPIrIIAL IDIAL PRESSURE. $.15 QMS (11CuCIO a 13)

C1410ICAL ANALYI* RESULTS
GAS SA0PLES TAftEM Its PtANE 41

C a2 i.556 I of )10600 1 CO 14191 PPM CMI11 PPM
0 o' 100" %o 6"#0. POP 1601t 306's or" Ico(ot) asc@SCNDUV) I

.0 m PPN 1D 0 PO* Nei . PP. t CMEpILUNINESCISICI I
IFISSIONO INDEX* LIOP6 LS PUl9s COO 1.5? Cmx* *as

Clet"ILUNINEStINCt NOW* *set NotR* "wuvVale~ 4.71

CALCULATtO PLIL/AIR *ATIO POOP CSIII'CAL, IPALTS11I .01#13#
CAICULATIO C9MBUSTION EPffCttCV PROP CNIPICAL, ANALS161 006$$8 1

CHUNI ON pig RATIO. fiA 0*ti.f##320 at,01 CALCULA110 02 * 1449

Efigurt 362. Finall Modified Conventionhl Liner, Inittal Design,
at Monregnerative 44% Power - Closed Setting.
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T#, CF'emBL5TrU,9 ltli~k~jt.rS -RIG I'/U de, TES~T SIBIIES 55, READING 6 720
rf~i iIIIEU; C(j Vtf.71flNAL LINER i%110 VdARIABLE (4OMETRY DILUTIONI ZONE,
TtST UATES h-22-7d READING 043 TAKEN AT 10521 7 H4OURS

LYLLt UINT 4 VAIABLE GEO.'f7Ry 100 2 CLOSED 55 2 POWER SETTING

lt-WNLW Alto FLO). 2.776 L81SIC AVii 5LPNLR INLET TEMP 436. OEG 0
AVi, eIjivkk lN.t,1 FktS ;2,0 PSJA AVGz bUR~NER OUTLET TEMP 1349, DEG F
AVG Pt~khEIk DELTA ~ ~~ 'HG Ppt5supf LOSS 4,74
C4AIL F/A kAT~ti v1444 (F /10 FLPLL FLO% RATE 144.20 L81HR
A IL Lf AD FACTIPL( 1.14gi PATTE0t. FACTOR *23945

~~.i~p btTctJ ) ~ , F MAY 601 / AVG bay 161627

I IkL V.-LET F'teA1L'kE 132. PEG F PuttL IKLET PRES$URE 314.0 PS1*
HTLr'*eI.G PbAI-At ti .d3436~4+7 IaT1/.rUb,/AT'/CU8IC FOOT

.... *.E OUT4LT Tt.MPLUATtRk 5URVEY **
I. TEPP 10 1k'P IV TEMIP IV TE.oP 10 TtPP 10 TE14P 10 TEIPP

A%,L- 1 2 .3rt, 1259. IS 1234. iS 1064. 24 1230. 27 1324. 36 1251.
Apl ti "j 1113. 7 1. 4. 16 1291. 21 156,. 25 It?$* 34 1457, 31 1272,

AI UL' 4~I 1 .42. 17 13.'1* 22 1b1s* 26 1337. 35 1419. 30 1479.

Lit! SInk . Algw INLE1 TUI4f COtiDITlOKS so* RIGHT SID;
IrnAL 11k5,# 71"97 P51* TOIAL POLSSUIS 71100 PS1*
STATIC Pftsst'lii 71116p P.jA STATIC PhESSuRt 71,40 PItA
VFLrCITy' EfI Y 175 ~ VjLOCITY DELTA P .06 01M
A10 t.,rthA1lh dSP43. OtG F AIR TEPPEOATURE 430. 096 F
& lk VELQCJI' IP5.3H FT/Stc. 610 vELOCITY 129.61 FT/StC
%,I),Ft1N7AL V0StH1w t((LEFT P0TO-TAL)mCNXGo P-TOIALI) 6.494 11146

&I$ P'LVV DAI,1 F 103,y PSI& DELTA P* 3,5.3 NHG Talfre 70. off* p

I't L sysitm vaAo
plift, Flio PRI'-to'L' 53 1. 1H fjVOLIIRIC FLO* RATE. #3914. ALIPMR

*F(.tL PwtSStPE AT im 566.P P31 P~,tL ?T(w AT Fim $to00

P40H11t1LO AVwtl PlMil( 0 tLEY TCLL PRSSSUO 60.00 Polk
C001-J$10h Otltkiv LA$L STATIC PhIESSUhEi 60.60 PSI& tiutS a 11)
leo-to O1PFhE'ttIAL 1 01m P013SUE 0.04 ON$ cloudts * 13)

GPAS 56APLtS TAPIN IN PLANt 411
C CAP .2.PI 2 C?' 17610p I to 67A3 PPM CKMI .0 p

%j 4r.6 pope 6.v2 12.3 POP kci b3*1 OPP, tkOtNOjR) %0vOthuV))
Oq- p pos .o PPot hCR Poo C CM(PILu"*t~esClu

,kl3S*.l$ !hCift, Lb/1PIP LO $ IL! COD 6.03 C141 a ,so

CALCULATF1 FI-LL/AIP A*110 P1101 CWEICAL AALYSZSI .01531
Cal , ;LA?11 81ti 10Nsm (FFICU'0Cv Fftro cM ICAL ANALYIISI @0.0,00 I

cstC Ok P/A *010o- FtA 0 .13637 1,/O 0t. CALCULATEP Of ' 17.011 1

SO( TIIA10 40 a Po

figure 363. Final Modified Convntional LWner, Initial Design,
ar Nonregnerative 559 Power -,Closed letting.
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T61 COmSUSTR EYPIklmh~T5 - RIG b/U 46, Tf'T SZRIES 55p REAUIN6 4 7zI
T61 MO[IF!EI) r'0hVEr-TI0AL LINER I VARIAeLE GEOMETRY DILUTION ZONE.
T-T LAft.: 6-Q2-7 P READING *AS TAKEN AT 172911 HOURS

LYLLE POINT 4 VARIAbLE GEOMhTRr P X CL0OSD 55 2 POWER SETTING

**.i EXPERiMATL CONDITIONS t.***
t.L'gNtk AIR FLUw 2.736 LB/SEC AVG bURNER INLET TEMP 431. DEG F
AvL. HORNER 11NLF1 PI'$ 71,3 PE1A AVG 6URNER OUTLET TEMP 1413, DEG F
AVE bURNEk tELTt P 5,7 1'"G PRESSUA LOSS 3.56 .
Uve4ALL F/A kATIO .t4ft (Fl/) FUEl FLOW RATE 143.16 LWIHR
AI LOAD FACTOR 1.1451 PATTERN FACTOR ,43071
eiT MOT SPOT: * 21 a 1692o DEG F MAX OT I AVG DOT 1.2094
tuPL INLET T EmPL*1LjRE 133, DEG F FUFL IKLET PRESSURE 361 4 PSIA
OkAT LOADING PAkAVE'ER .4352bE 07 BTU/HOU/ATM/CUBIC FOOT

!**' BURNER OUTLET TEMPERATURE SURVEY **
11) TEPP TD TEMP ID TEMP ID TEMP 10 TEMP ID TEMP ID TEMP

ANWLUSJ 1 2 1,446. F, 1233. 15 1098o 19 1492. 24 1137. 27 1286. 36 1234.
AkNLIL,,8 2 4 1236. 7 1248. it, 12@8, 21 1692, 25 1690, 34 1424. 37 1312.
ANN'ULUS 3 5 1132. 14 1319, 17 1225. 22 16P4, 26 1247, 35 1316, 39 1675,

LEFT SID *** AIR INLFT TUBE CONDITIONS 'a. RIGHT SIDE
10IAL PRES5IiE 71,28 PSIA TOTAL, PRESSURE 71,32 PSIA
STATIC PkESSU'E 70.89 PSIA STATIC PRESSURE 76.86 PSIA
VELOCITY DELTA P 'Po "PG VELOCITY DELTA P '94 'MG
Alk T MPEkATfJk 431. DE6 F AIR TEmPERATURE 431, DEG F
A]k VELOCITY 129,84 FT/SEC AIR VELOCITY 140,97 FT/SEC
UIFFEktNIIAL P EfbSSREt [(LEFT P-TOTAL)=(RIGHT P-TOTAL)3 .8113 "mG

AlI, FLOUW OATA: P-LFm 103.8 PSIA DELTA PR 3.42 "HG ToREF* 76, DEG F

FUEL SYSTEM UATr'
FUkL F/m FkEUEKCY 528. HZ VOLIJuETRIC FLOW RATE 23.11 GALM/HR
F0L PRESSURE AT F/P 540,9 PSIA FUEL TEMP AT F/M 03 DES F

Ia MISCELLANEOUS TRANSDUCER READINGS a.
PANIFOLU AVERAGE MLiNNER OUTLET TOTAL PRESSURE 6876 P3IA
COmPUSTOR OUTER CABSE STATIC PRESSURE 69.53 PSIA CXDUCER 4 11)
b uRNER UIFFFRENTIAL TOTAL PRESSURE 5,13 "HG CXDUCER 0 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKE' IN PLANE 01

L0 2'650 x U2 17,20 % CO 211, PPM CMX my PPM
K',l 39,4 PPM NO? 20,4 PPM NOX 59,0 PPM (NOCNOIR) * NO2CNDUV)3
NC ,0 PPM NOP '0 PPM NOX 68 PPM t CHEMILUNINESCENCE I
SE ISSIONS INDEX, LBt1000 LP FUEL COB 14,30 CHX' 987

LW4ILUMINESCENCE NOXR .68, NOIR + NDUV NOXe 6.63

CALCULATEU FUEL/AIR RATIO FROP CHEPICAL ANALY%.ISl 061283
LALCULATED COMP:.TION EFFICIENCY FROM CHEMICAL ANAkYSISl 990981 1

CHECK ON F/A RATIO- F/A a 031R749 W/O 02. CALCULATED 02 a 17,290 1

SMOKL INDE.11(.9
SALTZmAN NOX x PPM

Figure 364. Final Modified Conventional Liner, Initial Design,

at Nonregenerative 55% Power - Open Setting.
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763 COM1UST-4 EXpfk!mEtrs R IG B/U 46, TEST SERIES 55, READING a 732
763 MOWIIED CGPVEIONAL L!NER hiTh VARIAOLE GEOMETRY DILUTION ZONE.TEST f)ATE3 6-22-72 READING WAS TAKEN AT 1758112 HOURS

LYCLE POINT 3 VARIAdLE GEOMETRY IFP % CLOSED 75 1 POWER SETTINS

EXPERImLNTAL rONUITTON$ *.***
bURNER AIR FLOb 2.938 L0ISEC AVG BURNER INLET TEMP 472, DEG F
AvG dU4NER INLET PWES 86.7 PSIA AVG BURNER OUTLET TEMP 1495. DEG F
AvG dUxNER UELTA P 7.22 "MG PRESURE LOSS 4.39 2

* OVERALL F/A 4ATIU .01657 (F/P) FUtL FLOh RATE 175.26 LB/HR
Av1 LOAD FACTG 1.1113 PATTERN FACTOR 26635MOT HLT SPOT! * 31. 1707. DEG F MAX 07 / AVG BOT 1.116
FuEL INLET TEMPEkATURE t4. DEG F FUEL INLET PRESSURE 365.3 PSIA
!OEAT LOACINC PkkAI TEN .47rvE.v7 BTU/HOUR/ATrtCUbIC FOOT

.*. '4URNER OUTLET TEMPERATURE SURVEY f.,
I TEPP ID TEMP ID TEMP 1O TEOP I TEMP ID TEMP ID TEMP

ANNIJLUS 1 2 1476, 6 1430. 15 1346. 19 1543, 24 1304. 27 1495. 36 1365,ANNULUS 2 A 13tb. 7 1489, 16 1361. 21 17 S. 25 1449. 34 1632o 37 1403.
ANNULUS 3 5 1345. 14 1582. 17 1456. 22 1722. 26 1513. 35 1506. 39 1767.

LEFT SIDE 0** AIR INLET TUBE CONDITIONS ** RISHT SIDE
TOTAL PRESSURE 0.73 PSIA TOTAL PRESSURE 66.76 PSIA
STATIC PRES$uNE mr.133 PSIA STATIC PRESSURE 0.12 PSIAVELOCITY DELTA $ .83 "MG VELOCITY DELTA P 1.19 "NHG
AIR TEMPERATURE 472, DEG F AIR TEOPERATURE 472, DEG F
AIP VELOCITY 127.70 FT/SEC AIR VELOCITY 182,46 FT/SEC
DJIFFERENTIAL PRESSUPEI [(LEFT P-TOTAL)oZRIGNI P-TOTAL)2 m674 "HG

A1$. FLnW DATA: P-REFa 1@3.2 PSIA DELTA Ps 3.97 "NG TwREF@ 78o DES F

FUEL SYSTEM OATA:
FULL F/M FREQUE CY 649. Z VOLUMETRIC FLOW RATE 28,34 GAL/HR
FUEL PRESSUkE AT F/P 551,7 PSIA FUEL TEMP AT F/M 96, DEG F

m** ISCELLANEOU8 TRANSDUCER READINGS **
MAKIFILD AVERAGE BURNER OUTLET TnTAL PRESSURE 77,17 PSIA
COM1USTOR OhTER CASF STATIC PRESSURE 7858 PSIA CXDUCER 0 11)bUWNkR DIFFERENTIAL TOTAL PRESSURE 7.25 "NG (XOUCER 0 13)

CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 41CU2 3,287 % cp |e.500 x Co 95.3 PPM CNX .d PPM

c 5 0, PPM ? 0t2 14,7 PPM ND. Og7 PPM tNOCNDIR) * NO2CNOUV))
N . . PPM Nc? so PPM -NOX ,@ PPM t CHEMILUMINESCENCE 2
EMISSIONS INDEX, LR/10I9 LB FUEL: CON 5.96 CHxU '94

Cl'MILU.IMNESCENCE NDX8 .89, NOIR * NDUV NOXv 6.79

CALCULATED FLELIAIP RATIO FROP CMIEPICAL ANALYSISI .815816
CALCULATLU COMOUSTION EFFICIENCY FROM CHEMICAL ANALYS11 99e495 X

CHECK ON F/A RATIr- F/A a .015679 W/O 02. CALCULATED 02 m 16,415 1

SMOKE INDEX: 8.49
SALTZMAN NOX a PPM

Figure 3G5. Final Modified Conventional Liner, Initial Design,
at Nonregenerative 75% lower - Closed Setting.
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1e6 COMBUSTOR EXPEItMENTS R IG B/U 46p TEST SERIES 55r READING f 733
T63 mOorFIE CvkVENTInNAL LINER WITH VARIABLE GEOMETRY DILUTION ZONE,
TEST DATE$ 6-?2-72 READING WAS TAKEN AT 1814111 HOURS

CYCLE POINT 2 VA9IABLE GEOMETRY 108 1 CLOSED 109 1 POWER SETTING

S.,** FXPERIMEhTAL CONDITIONS ***
BUkNER AIR FLO4 3.229 LB/SEC AVG BURNER INLET TEMP 522e DEG F
AVG hUhhkh INLET PKES 91. PSIA AVG BURNER OUTLET TEMP 1724. DEG F
AVG BURNER DELTA P 7.91 "MG PRESSURE LOSS 4.23 X
UVERALL F/A RATIV .0196F (F/) FUEL FLOW RATE 227.84 LB/MR
AIR LOAD FACTOR 101016 PATTERN FACTOR .28989
bOT mol SPOTi * 22 a 2073. DEG F MAX BOT / AVG BOT 1.2021
FOEL INLET TFmPtkATURE 154. DEG F FUEL INLET PRESSURE 493.8 PSIA
PEAT LCADING FAAETER ,53782E+e7 BTU/NOUk/ATM/CUBIC FOOT

*** BURNER OUTLET TEMPERATURE SURVEY ***
An TEPP ID TEMP ID TEMP ID TEMP ID TEMP I TEMP ID TEMP
SANN US 1 2 1627. 5 1667. 15 1556. 19 1778, 24 1646. 27 1699. 36 1532.
ANNJLUS 2 4 1558, 7 1800. 16 1576, 21 2619. 25 181, 34 1776, 37 15b,
ANNULUS 3 5 1 39. 14 1857, 17 1655, 22 2073, 26 1739, 35 1761. 39 2094,

LEIT SIDE *** AIR INLET TUBE CONDITIONS *** RIGHT SIDE
TOTAL PRESSURE 91,82 PSIA TOTAL PRESSURE 91,65 PSIA
STATIC PkESS|JRE 91,30 PSIA STATIC PRESSURE 91.16 PSIA
VELOCITY DELTA P 1607 "G VELOCITY DELTA P 1,49 "HG
AIR TEMPEHATURE 522, DEG F AIR TEMPERATURE 522. DEG F
AIR VELOCITY 139,03 FT/SEC AIR VELOCITY 159.16 FT/SEC

* DIFFERENTIAL P kSSURE$ ((LEFT P-TOTAL)-(RIGHT P-TOTAL)2 6*.32 "Ho

4Al FLO" DATA: P-REFm 102,8 PSIA DELTA PO 4,82 "HG T-REF@ 76, 0ES F

FUEL SYSTEm nATAI
FUFL F/M FRFwUENCY 049, HZ VOLUMETRIC FLOW RATE 3086 GAL/HR
FUEL PRESSL'PE Al F/ 546,5 PSIA FUEL TEMP AT F/N 9, DEG F

.* MISCELLANEOUS TRANSDUCER READINGS *
MANIFOLD AVERAGE OURNER OUTLET TOTAL PRESSURE 87,95 PSIA
COMOUSIOR OUTER CASE STATIC PRESSURE 69,79 PSIA CXDUCER 0 11)
BURNER DIFFERENTI#L TOTAL PRESSURE 7,89 "HG CXOUCER f 13)

* CHEMICAL ANALYSS RESULTS
GAS SAMPLES TAKEN IN PLANE t1

C02 3,867 1 02 15.7R0 Z Ca 62.9 PPM CHI .5 PPM
Nk* 95,8 PPM N(J2 17.2 PPM NOX 112s9 PPM tNO(NDIR) * NO2CNDUV)3
NO ,0 PPM N02 .0 PPM NOX 90 PPM I CHEMILUMINESCENCE 3
EMISSIONS INOEX, LO/1000 LB FUELI CON 3.12 CMxm '14

CHEMILUMINESCENCENOXU ,@@I NOIR * NDUV NOXI 9,33

CALCULATED FUEL/AIR RATIO FROP CHEMICAL ANALYSIS$ 118296
CALCULATED COMBUSTION EFFICIENCY FROM ^NEMICAP ANALYSI 99a886 1

CHECK ON F/A RATIO& F/A a 0818375 w/O 02, CALCULATED 02 * 15,60 X A
SMOKE INDEX$
SALTZMAN NOX * PPM

Figure 366. Final Modified Conventional Liner, Initial Design,
at Nonregenerative 100% Power - Closed Setting.
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TABLE LXXXIII. COMPARISON OF T63 NONREGENERATIVE EMISSION/COMBUSTOR
PERFORMANCE OF (1) CONVENTIONAL LINZR, AND FINAL
DESIGN MODIFIED CONVENTIONAL LINER (2) DILUTION ZONE
OPEN SETTING AND (3) DILUTION ZONE CLOSED SETTING

I. Conventional linr C Cyel Point

A. Emissions .o, 61 5 , 3 2
Co, (ppm) 892.7 (51.5 495.5 382.9 214.1 7q.7

H/C, (pPm) 100.0 37.0 15.8 4.1 0.7 0. r

NOx , ( On-Line, NDIR & NDUV)(ppm) 17.1 32.0 411.1 45.6 58.0 81.0

x
SNOx,(On-Line, CL) (ppm) 17.2 23.'t 32.0 40.7 56.3 80.G

* Nox,(Saltzman)(ppm) 18.5 27.8 37.1 45.8 61.3 90.6

Smoke Number 3. 7. 12. 17. 25. 30.

B. Pressure Loss (.) 4.63 1.51 4.314 4.3P 1.li

C. Temp. Profile (Tmax /Tavg) 1.115 1.142 1.120 1.1.13 1.104 1.065

II. Final Design Modified Conventional
kine ,ss.Open Setting

co, (ppm) 223.4 214.1 196.3 211.8

H/C,(ppm) 6.5 2.1 .9 .7

NO (On-Line, NDIR & NDUV)(pPm, 26.9 33.7 57.0 59.8 0

NOx, (Saltzman) (ppm) 64g

Smoke Number 29.07 146.58 52.74 64.91

B. Pressure Loss (%) 3.72 3.67 3.53 3.56

C. Temp. Profile (,,/T av ) 1.434 1.391 1.333 1.289

III. Final Design Modified Conventional
Ljner mLss ,osed Setting:--a. ,mzsn ons ,

co, (ppm) 250.0 150.8 101.2 87.3 85.3 62.0

H/C, (Ppm) 10.0 2.5 .7 .6 .14 .5
NOx,(On-Line, NDIR & NDUV)(ppm 23.4 24.5 38.4 53.1 69.7 112.9

NO (Saltzman) (ppm)

Smoke Number 1.34 5.86 11.42 20. 4-ii 38.49 SI.65
B. Pressure Loss (%) 4.99 4.86 4.75 4.X . 3 9 4,,23

C. Temp. Profile ( ITmax/Tav) 1.157 1.177 1.162 1.163 1.18 , 1,.202

-A
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Figure 367. Nonregenerative T63-A-5A Combustor
Hydrocarbon Emissions Data Comparison for
Standard-Length, Modified-Conventional, Final
Design Combustor and T63 Baseline Combustors.
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Figure 368. Nonregenerative T63-A-SA Combustor

Carbon Monoxide Emission Data Comparison forI
Standard- Length,Modified-Conventional, Final
Design Combustor and T63 Baseline Combustors.
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Figure 369. Nonrelgenerative T53-A-SA Combustor ;

Nitrogen Oxides Emission Data Comparison for
Standsrd- Length,Modi fled-onven~tional, Final '
Design Combustor and T63 Baseline Combustors.
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Figure 370. Nonregenerative T63-A-SA Combustor
Carbon Monoxide VS Nitrogon Oxides Emission Data
Comparison for Standard-Length, Modified-Conventional,
Final Design Combustor and T63 Baseline Combustors.
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Figure 371. Nonregeneretive T63-A-SA Combustor
Smoke Data .o'parison for StandardLength
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and T63 aseline Combuators.
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74% and hydrocarbons 90%. Both NOx and particulates increased above
the Conventional T63 )evels. The NOx emissions were 18% higher than
the baseline level, and particulates were 83% higher. Even though
the contract objective of 50% minimum reduction in total enissions
was met in this design, the requirement that no constituent emission
could increase was not met.

Exhaust temperature profile results for the Modified Conventional
combustor are plotted in Figure 372. The closed dilution setting
temperature profiles were in general no worse than those from the
Extended-Lensth combustor, but the profiles were definitely worse
than those from the Conventional T63 combustor, especially at the
higher power operating conditions.

The skin thermocouple readings for the Modified Conventional combus-

tor liner are shown in Figure 373 for the open dilution setting
and in Figure 374 for the closed setting. The combustor metal
temperatures along the primary zone were considerably higher when
the dilution slip band was set at the open setting.

Because of the pour exhaust temperature profiles from the Modified
convotitonal combustor, lampblack cold-flow tracings of the combus-
tor airflow characteristics were recorded for both dilution settings.
Figure 375 is the flow tracing for the open position, and Figure
376 shows the closed position tracing. Comparing these flow
tracings reveals that the additional pressure loss resulting from
the closed position of the dilution band produced such better
mixing and deeper penetration of the inlet air through both the
primary aud dilution holes. It was therefore apparent that pressure

*losses of less than 4% would result in poor combustor performance.

Modifiation "A"

The changes to the Modified Conventional combustor resulting in
Hodification "A were all made in the dilution zone. The coombusto'
was rebuilt downstream of the dilution file cooling annulus to
incorporate the following design revisions:

* the dilution-hole axial location was moved 2.00 inches upsteam
to the same axial position as the two dilution holes in the
Conventional T63-A-kA combustor liner.

* The two sets of six dilution holes in the variable-geometry
slip band were replaced with a iingle set of Bix 1.22-inch-
square holes with 0.41-inch-radius corner fillets.

* Due to additional space required for the vaal'ble-.gometry
slip band, the dilution-zone fil -cooling section was re-
worked.
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The purpose of the liner modifications was to reduce the residence
time in the predilution zone to limit the amount of NO, formed and
to give additional mixing volume for the dilution air to improve
the exhaust temperature profile.

The Modification "A" combustor was tested at nonregenerative T63
conditions using three geometry settings of the dilution slip band:
32%, 50%, and 70% closed. The 32% closed position was to give the
same flow split between primary and dilution zone% as in the Con-
ventional T63 combustor liner. The regenerative setting corres-
ponded to the 9% closed or full open position. The 50% and 70%
closed positions were marked so that they could be used to control
NOx generation by further leaning of the primary zone.

The test data recorded during the nonregenerative testing of the
Modified Conventional Modification "A" combustor liner are presented
in Figures 377 through 389. The emission, pressure-loss, and
temperature-profile data are sun.apized in Table LXXXIV. Ccm-
parison of emissions and pressure loss data among the dilution
geometry settings shows the lack of response of combusto±' perform-
ance to changes in the variable-geometry actuator rods. If the
dilution slip band had rotated to effect a closing of the dilution
holes from 32% to 70% closed, the pressure loss would have increased
by much more than the 1% that was measured. Inspection of the com-
bustor after the test revealed that the variable-geometry tabs con-
necting the actuatur rods to the slip ring were severely deformed
and thus must have yielded during each adjustment of the actuator
rods. One of the bent tabs can be secn in Figure 352, a photograph
which was taken after the test.

As noted in Table LXXXIV, no vaiues for the nundispersion (ND) NOx
concentrations were given for cycle points 2, 3, and 4. During the
test, the nondispersive ultraviolet (NDUV) instrument used to
measure NO2 concentrations could not be used,and thus only NO con-
centrations from the nondispersive infrared (NDIR) instrume-it were
recorded. Total nitrogen oxides drtermined by the Saltzman wet
chemistry method were used in the emission index calculations.

The emission data for the Modified Conventional Modification "A"
combustor are compared with the Conventional T63 and Extended-Length
combustor liners in Figures 390 through 303. Because of the lach
of emission change with geometry setting, only the 32% closed set-
ting data a.z connected. In Figure 390 are plotted the nydrocarbon
data for Modification "". The Modified Conventional hydrocarbon
concentrations are considerably b, low the baseline levels and repre-
sent a 68% reduction. Carbtn monoxide emissions, Figure 391, were
not low enough in Modification "A" to enable the combustor to attain
the 50% reduction in total emissions. The CO mass emissions wre
reduced by only 39%. Only the nitrogen oxide emissions are shown
in Figui2 392, since the NDUV on-line instrument could not be used
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T63 CO1BUSTOR EXPERIMENTS- RIG B/U B9, TEST SERIES 69p READING 6 • 16
T63 MODIFIED CONVENTIONAL LINER, MOD *AN AT 570. T63 INLET CONDITIONS,
TEST DATE3 7.19-72 READING WAS TAKEN AT 1889124 HOURS

CYCLE POINT I VARIABLE GEOMETRY 32 1 CLOSED 10 X POWER SETTING

*1*0* EXPERIMENTAL CONDITIONS
BURNER AIR FLOW 1.866 LB/SEC AVG BURNER INLET TEMP 299, DEC F
AVG BURNER INLET PRES 44.6 PSIA AVG BURNER OUTLET TEMP 1010, DEC F
AVG BURNER DELTA P 3.66 "MG PRESSURE LOSS 4.93 1
OVERALL F/A RATIO 81089 CF/P) FUEL FLOW RATE 73m23 LB/HR
AIR LOAD FACTOR 1,1531 PATTERN FACTOR ,36646
SOT HOT SPOT: 4 14 u 1272, DEG F MAX SOT / AVG DOT 1,2592
FUEL INLET TEMPERATURE 167. DEG F FUEL INLET PRESSURE 226,3 PSIA
HEAT LOADING PAkAMETER ,35572E.17 BTULNOUR/ATM/CUBIC FOOT

otoo BURNER OUTLET TEMPERATURE SURVEY ***
10 TEPP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 873. 6 521. 15 1290, 19 917. 24 1049, 27 1112. 36 1634.
ANNULUS 2 4 902. 7 9(2, 16 119F, 21 891, 25 1113, 34 1164, 37 1647.
ANNULUS 3 5 890, 14 1272, 17 1666. 22 918, 26 1117, 35 16.4, 39 943.

LEFT SIDE *** AIR INLET TUBE CONDITIONS *** RIGHT SIDE
TOTAL PRESSURE 44.62 PSIA TOTAL PRESSURE 44,63 PSIA
STATIC PRESSURE 44,40 PSIA STATIC PRESSURE 44,42 PSIA
VELOCITY DELTA P .44 "1yG VELOCITY DELTA P .43 ONG
AIR TEMPERATURE 299. DEG F AIR TEMPERATURE 330, DEG F
AIR VELOCITY 112.75 FT/SEC AIR VELOCITY 111.32 FT/SEC
DIFFERENTIAL PRESSURE: t(LEFT P-TOTAL)-(RIGMT PaTOTAL)) '.638 *MH

AIR FLOW DATAI F-REF8 105,3 PSIA DELTA Ps 1,63 "HG TuREF 192, DEG F

=FUEL SYSTEM OATA;
FUEL F/H FREQUENCY 271. HZ VOLUMETRIC FLOW RATE 11,61 GAL/HR
FUEL PRESSURE AT F/M 320,1 PSIA FUEL TEMP AT F/H 92. DES F

** MISCELLANEOUS TRANSDUCER READINGS *0
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 42,82 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 43,50 PSA (XOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 3'e. "HG CXOUCER 0 13)

* CHEMICAL ANALYSIS RESULTS o
GAS SAMPLES TAKEN IN PLANE 01

C02 2,107 X 02 18,400 9 CO A66,S PPM CMX 42,0 PPM
NO 84 PPM N02 12.3 PPM NOX 26.8 PPM (NOCNDIR) * NO2CNDUV)|
No 8 PPM N02 03 PPM NOX .3 PPM t CHEHILUMINESCENCg 3
EMISSIONS INDEX, LB/!00 LB FUELI COB 41.82 CMXv 4.52

CHEMILUMINESCENCE NOX8 fell NOIR * NDUV NOXI 3,36

CALCULATED FUEL/AIR RATIO FROP CHEMICAL ANALY3ISI 9816176
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 9864995

CHECK ON F/A RATIO- F/A a .010340 ijo 02, CALCULATED 02 w 160120 S

SNOXE INDEX: 28.0
SALTZMAN NOX I Z0.7(0 PPM

Figure 377. Final Modified Conventional. ,ner, Modification "A" at
Nonregenerstive 109% Vower - 32% Closed bZ.
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T53 COMBUSTOR EXPERIMENTS - RIG 0/U So TEST SERIES Sop READING # S17
T3 MODIFIED CONVENTIONAL LINER, MOD WA" AT STO, 783 INLET CONDITIONS,
TEST DATEI 7-1g-72 READING WAS TAKEN AT 1826113 HOURS

CYCLE POINT I VARIABLE GEOMETRY 50 2 CLOSED 10 1 POWER SETTING

*.*** EXPERIMENTAL CONDITIONS ***
BURNER AIR FLOW 1.083 LB/SEC AVG BURNER INLET TEMP 311, DEG FR AVG BURNER INLET POES 446 PSZA AVG BURNER OUTLET TEMP 992, DEG F
AVG BURNER DELTA P 3.97 "HG PRESSURE LOSS 437 X
OVERALL F/A RATIO .01063 (F/M) FUEL FLOW RATE 73,42 kS1MR
AIR LOAD FACTOR 1,1627 PATTERN FACTOR ,21547
SOT HOT SPOTI 0 34 9 1142, DEG F MAX SOT / AVG SOT 191583FUEL INLET TEMPERATURE 114. DEG F FUEL INLET PRESSURE 251,7 PSIAHEAT LOADING PARAMETER .35652E#07 BTU/HOUR/ATP/CUSIC FOOT

*** BURNER OUTLET TEMPERATURE SURVEY **.
ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP Io TEMP ID TEMPANNULUS 1 2 994, 6 467, 15 1033, 19 879@ 24 1043, 27 1177, 30 1187,

ANNULUS 2 4 1024. 7 1055. 16 184. 21 805. 25 1063. 34 1142,. 37 1126.
ANNULUS 3 5 1015. 14 186. 17 935. 22 075, 26 972, 35 1I7 , 3 1043 ,

LEFT SIDE **. AIR INLET TUBE CONDITIONS *** RIGHT SIDE
TOTAL PRESSURE 44.63 PSIA TOTAL PRESSURE 44,66 PSIA
STATIC PRESSURE 44.41 PSIA STATIC PRESSURE 44.33 PSIA
VELOCITY DELTA P '45 "JG VELOCITY DELTA P ,66 "H
AIR TEMPERATURE 300, DEG F AIR TEMPERATURE 301. DEG FAIR VELOCITY 113.57 FT/SEC AIR VELOCITY 138,67 FTISEC
DIFFERENTIAL PRESSURE: t(LEFT P-TOTAL).CRIGHT P-TOTAL)l *,55 "HG

AIR FLOW DATAI P-REF. 185,7 PSA DELTA Pe 1.65 "HG ToREPP II1 DEG F

FUEL SYSTEM DATA:
FUEL F/M FREQUENCY 272, MZ VOLUMETRIC FLOW RATE 11,8 GALIHR
FUEL PRESSURE AT F/N 320S7 PSA FUEL TEMP AT F/N 94, DEG F

** MISCELLANEOUS TRANSDUCER READINGS .a
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 42,69 PSIACOMBUSTOR OUTER CASE STATIC PRESSURE 43,59 PSIA CXDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 3.95 "NG (XDUCER 4 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01C02 2s19? % 02 18,300 X CO 449,0 PPM CmX as,3 PP"

NO 5,6 PPM N02 12.3 PPM NOW 17, PPM [NOCNDIR) # NO1CNDUV)1NO 90 PPM N02 'm PPM NOW J3 PPM I CHEMILUMINESCENCE I
EMISSIONS INDEX, LB/1188 LB FUELI CO 43,5 CHXI 3.55

CHEMILUMINESCENCE NOX .o3 NOIR # NDUV NOXW los6

CALCULATED FUEL/AIR RATIO FROM. CHEMICAL ANALYSISl '911806
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS 096419 1

CHECK ON F/A RATIO. F/A a ,010331 WtO 02, CALCULATED 02 o 18,990 X

SMOKE INDEX
SALTZAN NOW PPM ,-- a 247

Figure 378. Final Modified Conventional Liner, Modification "A" at

Nonregenerative 10% Power - 50% Closed DZ.
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T63 COMBUSTOR EXPERIMENTS - RIG B/U 59. TEST SERIES 69, READING b oil
T63 MODIFIED CONVENTIONAL LINER# MOD "A" AT STD. T63 INLET CONDITIONS.
TEST DATE: 7-19-72 READING WAS TAKEN AT 1964133 HOURS

CYCLE POINT 6 VARIABLE GEOMETRY 32 X CLOSED 25 K POWER SETTING

EXPERIMENTAL CONDITIONS ****
BURNER AIR FLOW 2.194 LB/SEC AVG BURNER INLET TEMP 352. DEC F
AVG BURNER INLET PRES 54.7 PSIA AVG BURNER OUTLET TEMP 1102. DEG F
AVG BURNER DELTA P 3.62 "HG PRESSURE LOSS 3,26 %
OVERALL F/A RATIO .A1212 (F/0) FUEL FLOW RATE 95,70 LB/HR
AIR LOAD FACTOR 1.1434 PATTERN FACTOR .41127
DOT HOT SPOTI 6 34 9 1418. DEG F MAX SOT / AVG SOT 1.2790
FUEL INLET TEMPERATURE 11. DEG F FUEL INLET PRESSURE 394,8 PSIA
HEAT LOADING PARAMLTER *37951E*07 BTU/HOUR/ATH/CUBIC FOOT

*a** BURNER OUTLET TEMPERATURE SURVEY ****
ID TEPP TO TEMP ID TEMP TO TEMP ID TEMP ID TEMP ID-TENP

ANNULUS 1 2 943, 6 15e, IS 1189, 19 848, 24 1156, 27 1296, 36 1237.
ANNULUS 2 4 1104, 7 1307, 16 1125, 21 889. 25 1286, 34 1416, 37 1294,
ANNULUS 3 5 1167. 14 1274. 17 967. 22 944. 26 1332, 35 1200, 39 995m 4

LEFT 31DE * AIR INLET TUBE CONDITIONS *aa RIGHT SIDE
TOTAL PRESSURE 54.66 PSIA TOTAL PRESSURE 54.67 PSIA
STATIC PRESSURE 54,39 PSIA STATIC PRESSURE 54.37 PITA
VELOCITY DELTA P .54 "HG VELOCITY DELTA P .61 "NG
AIR TEMPERATURE 351, DEG F AIR TEMPERATURE 352, DEG F
AIR VELOCITY 116.49 FT/SEC AIR VELOCITY 124.36 FT/SEC
DIFFERENTIAL PRESSUREI t(LEFT P-TOTAL)-(RIGHT P-TOTAL)J -.122 "HG

AIR FLOW DATAI P-REF. 105.3 PSIA DELTA P8 2.24 "MG T-REF 98. DEG F

FUEL SYSTEM DATAI
FUEL F/M FREQUENCY 354, NZ VOLUMETRIC FLOW RATE 15,47 GAL/HR
FUEL PRESSURE AT F/M 367.1 PSIA FUEL TEMP AT FI 90. DEG F

.a MISCELLANEOUS TRANSDUCER REAOINGS em
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 52.86 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 53.59 PSIA CXDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 3.61 "HG CXOUCER 4 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

C02 2,254 % 02 18e206 X CO 340,5 PPM CNX 7.3 PPM
NO 16,9 OPM N02 11,5 PPM NOX 26,4 PPM (NOCNOIR) * NOICNDUV)3
NO 03 PPM Ni2 .6 PPM NOX .J PPM I CHEMILUNINEACENCE 3
EMISSIONS INDEX, LB/1006 LB FUELI COo 26.23 CmXq e93

CHEMILUMINESCENCE NONs .o, NOIR + NDUV N0XI ,76

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS: '618765
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS1 t9,17136

CHECK ON F/A RATIO- F/A a J816902 W/o 02. CALCULATED 02 a 17,61 1K

SMOKE INDEX: $3.0
SALTZMAN NOX U Zs... PPM . : 3,39

Figure 379. Final Modified Conventional Liner, Modification "A" at

Nonregenerative 25% Power - 32% Closed DZ.
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T63 COBUSTOR EXPEkIMENTS - RIG B/U 59, TEST SERIES 69o READING 6 W10
T63 MODIFIEU CONVENTIONAL LINER, MOD "A" AT STO, T63 INLET CONOITIONS,
TEST DATE$ 7m19%72 READING WAS TAKEN AT 19261 9 HOURS

CYCLE POINT 5 VARIABLE GEOMETRY 32 X CLOSED 41 1 POWER SETTING

*I*** EXPtRIMENTAL CONDITIONS *****
BURNER AIR FLOW 2.564 LB/SEC AVG BURNER INLET TEMP 398, DEG F
AVG BURNER INLET PRES 64.2 PSIA AVG BURNER OUTLET TEMP 1239. DEG F
AVG BURNER DELTA P 4,15 "HG PRESSURE LOSS 3.17 X
OVERALL F/A RATIO .61296 (F/N) FUEL FLOW RATE 11;,61 LB/HR
AIR LOAD FACTOR 1.1702 PATTERN FACTOR .34710
SOT HOT SPOT: 4 34 u 1490. DEG F MAX SOT / AVG SOT 1.2327
FUEL INLET TEMPERATURE 11. DEG F FUEL INLET PRESSURE 329.5 PSIA
MEAT LOADING PARAMETER 04393E.37 BTU/HOUR/ATM/CUBIC FOOT

.*** BURNER OUTLET TEMPERATURE SURVEY **.10I TEMP 10 TEMP ID TEMP TO TE04P '1 TEMP 10 TEMP ID TEMP

ANNULUS 1 2 1047, 6 208. 15 1283, 19 928, 24 1257, 27 1425, 36 1365.
ANNULUS 2 4 12 5 7 141-8 18 1243, 21 971, 25 1463, 34 1490, 37 1364.
ANNULUS 3 5 1291. 14 1375, 17 10789 22 1046, 26 1448, 35 1412, 39 113,

LEFT SIDE .** AIR INLET TUBE CONDITIONS **a RIGHT SIDE
TOTAL PRESSURE 64,14 PSIA TOTAL PRESSURE 84.24 PSIA
STATIC PRE3SURE 63o84 PSIA STATIC PRESSURE 63,97 PSIA
VELOCITY DELTA P .62 "HG VELOCITY DELTA P .55 "HG
AIR TEMPERATURE 398. DEG F AIR TEMPERATURE 399. DES F
AIR VELOCITY '18.5S FT/SEC AIR VELOCITY 111.32 FT/SEC

SDIFFERENTIAL PRESSUREI CCLEFT P-TOTAL)-[RIGHT P*TOTAL)3 -p,|g2 RMG

AIR FLOW DATAI P-REFs 104.9 PSIA DELTA Pe 3.36 "HG TeREFs 95. DES F

FUEL SYSTEM OATA:
FUEL F/N FREQUENCY 442, MZ VOLUMETRIC FLOW RATE 19,35 GAL/HR
FUEL PRESSURE AT F0N 438,1 PSIA FUEL TEMP AT F/M 98, DES F

*a MISCELLANEOUS TRANSDUCER READING$ **
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 62.15 PSIA
COMWUSTOR OUTER CASE STATIC PRESSURE 62.87 PSIA (CEOUCER a 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 4,35 "HO CXOUCER 0 13)

, CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 41

C02 2,530 K 02 17,700 % CO 267, PPM CMX 3,1 PPM
NO 23,2 PPM NO2 13.3 PPM NOX 36,5 PPM tNOCNOIR) * NO2(NDUV)]
NO ,0 PPM NOR .0 PPM NOX 06 PPM I CHEMILUMINESCENCK I
EMISSIONS INDEX, LB/B LB FUELI COn 26,2 CMXf .37

CHEMILUMINESCENCE NOXW .8el NOIR * NOUV NOXI 4,53

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSIS ,111958
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS: Of,4506 K

CHECK ON F/A RATIO. F/A u .612073 N/O 02, CALCULATED 02 m 17,494 1

SMOKE INDEX, 59.o
SALTZMAN NOX • 32./ PPM . 3.98

Figure 380. Final Modified Conventional Liner, Modificarion "A" at
Nonregenerative 40% Power 32% Closed DZ.
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TB3 COMBUSTOR EXPERIMENTS - RIG B/U So, TEST SERIES S9p READING 0 125
T63 MODIFIED CONVENTIONAL LINER* MOD "AM AT STO T63 INLET CONDITIONS.
TEST OATES 7.19-72 READING WAS TAKEN AT 1044145 HOURS

CYCLE POINT 5 VARIABLE GEOMETRY 50 S CLOSED d X POWER SETTING

***** EXPERIMENTAL CONDITIONS ***
BURNER AIR FLOW 2,519 LB/SEC AVG BURNER INLET TEMP 396, DES F
AVG BURNER INLET PRES 63,0 PSIA AVG BURNER OUTLET TEMP 1250, 0IG F
AVG BURNER DELTA P 4,72 "HG PRESSURE LOSS 3,63 X
OVERALL F/A RATIO 031309 (F/0) FUEL FLOV RATE 116873 LBIR
AIR LOAD FACTOR 1.1573 PATTERN FACTOR .31322
SOT NOT SPOTS 0 26 a 1451, DEG F MAX SOT / AVG SOT 102081
FUEL INLET TEMPERATURE 165, DEG F FUEL INLET PRESSURE 339.2 PSIA
MEAT LOADING PARAMETER ,40387Ee07 BTU/HOUR/ATM/CUBIC FOOT

e*** BURNER OUTLET TEMPERATURE SURVEY *o*
ID TEPP ID TEMP 10 TEMP ID TEMP I0 TEMP ID TEMP ID TEMP

ANNULUS 1 2 1129. 6 222. 15 1233, 19 19P5 24 1259. 27 1370, 36 1352.
ANNULUS 2 4 1224. 7 1405, 16 1224, 21 1585. 25 1357. 34 1415. 37 1341,
ANNULUS 3 5 1269a 14 12960 17 1111. 22 1162. 26 1451, 35 1204, 39 1192.

LEFT SIDE a** AIR INLET TUBE CONDITIONS *" RIGHT 8IDE
TOTAL PRESSURE 83.75 PSIA TOTAL PRESSURE 63077 PSIA
STATIC PRESSURE 63.39 PSA STATIC PRESSURE 630 PSIA
VELOCITY DELTA P .72 "MG VELOCITY DELTA P '56 "HG
AIR TEMPERATURE 398 DEG F AIR TEMPERATURE 396, DEG F
AIR VELOCITY 126.15 FT/SEC AIR VELOCITY 112.55 FT/SEC
DIFFERENTIAL PRESSURE: ((LEFT P-TOTAL-(RIGHT P-TOTAL)2 6644 NMG

AIR FLOW DATAI P-REFf 104,1 PSIA DELTA Pa 2.97 "HG T=REFe 93. DE 7

FUEL SYSTEM DATAI
FUEL F/N FREQUENCY 439, 0Z VOLUMETRIC FLOW RATE 19.2 GAL/HR
FUEL PRESSURE AT F/N 4451 PSIA FUEL TEMP AT F/M 99. DEG F

** MISCELLANEOUS TRANSDUCER READINGS 'a
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESURE 61,44 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 0236 PIA (XDUCER 0 11)

BURNER DIFFERENTIAL TOTAL PRESSURE 4,69 ONG CXDUCER 0 13)

, CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

C02 2 575 1 02 17.496 K CC 207,0 PPH CMX 2.1 PPM
NO 26.7 PPM N02 9.7 PPM NON 36.6 PPM tNO(NDIR) * NOCNOUV)3

'qNO PPM NOt j6 PPM NON et PPM I CHEMILUMINESCENCE I
EMISSIONS INDEX, LB/l60l LB FUELS CO 25,6 CNx $0

CHEMILUMINESCENCE NOX see# NOIR # NDUV NO3e 4046

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISl 4112416
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALY:81 90,4793 X

CHECK ON FIA RATIO- F/A 5 9612424 W/O 03. CALCULATED 01 a 11j391 1

SMOKE INDEX, $4.0
SALTZMAN NON • 3Z.31 PPM ,Z, 3-97

Figure 381. Final Modified Conventional Liner, Modification "A" at

Nonregenerative 40% Power - 50% Closed DZ.
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T63 COMBUSTOR EXPERIMENTS RIG S/U 59, TEST SERIES 69, READING 4 o1l

T03 MODIFIED CONVENTIONAL LINER, MOD PAR AT $T0O T63 INLET CONDITIONS*
TEST DATEI 7-19072 READING WAS TAKEN AT 2167143 HOURS

CYCLE POINT 5 VARIABLE GEOMETRY 76 X CLOSED 48 x POWER 8ETTING

EXPERIMENTAL CONDITIONS "eas
BURNER AIR FLOW 2,548 LB/SEC AVG BURNER INLET TEMP 397, DE6 F
AVG BURNER INLET PRES 63.8 P31A AVG BURNER OUTLET TEMP 1911, 0ES F
AVG BURNER DELTA P 498 VNG PRESSURE LOsS 3.63 X
OVERALL F/A RATIO .01368 (F/P) FUEL FLOW RATE 11099 LIIHR
AIR LOAD FACTOR 1.1687 PATTERN FACTOR .24151
SOT NOT SPOT: 6 26 a 1469. DEG F MAX SOT I AVG SOT 191638
FUEL INLET TEMPERATURE 160, DEG F FUEL INLET PRESSURE 337,y PSIA
HEAT LOADING PARAMETER ,4S757E#07 BTU/NOURIATMiCUBIC FOOT

"os* BURNER OUTLET TEMPERATURE SURVEY ...o
ID TEP ID TEMP ID TEMP ID TEMP ID TENP ID TEMP ID TEMP

ANNULUS 1 2 1616, 8 264. 15 1251. 19 1114. 14 1299 17 1300 36 1315s
ANNULUS 2 4 1198, 7 1332. 16 1232, 21 1149. 26 1399. 34 1Si, 37 1342,
ANNULUS 3 5 1221, 14 1331, 1? 1189e 12 1850, 16 1400, 3$ 1308* 390 t7s

LEFT SIDE o.. AIR INLET TUBE CONDITIONS R.. IGNT SIDETOTAL PRESSURE 63,79 PBZA TOTAL PRESSURE 43oi5 PS:A
S TATIC PRE33URE 63035 P31A STATIC PRZISURI 03055 PSillA
VELOCITY DELTA F '09 NNG VELOCITY DELTA P Sol ON$
AIR TEMPERATURE 397. DEG F AIR TEMPERATURE 391e of$

;AIR VELOCITY 142,79 FTIIEC AIR VELOCITY lses pytIIc

D:FFE4ENTIAL PRES3URES ItLEFT P&TOTAL -(RIGNT PSTOTA0] 061190 $me

2:AIR FLOW DATAI P-RIFO 184,4 PSIA DELTA P9 3,11 ONG T-RIFI Its 016 F

; FUEL SYSTEM OATAI
FUEL FIN FREQUINCY 4440 mZ VOLUMETRIC F40W RATE 16,44 GA~iMR
FUEL PRESSURE AT FIN 454,8 PliA FUEL TENP AT FtN Isis DEG F

i w* MISCELLANEOUS TRANSDUCER RKADINGS *
NMAN:FOLO AVERAGE BURNER OUTLET TOTAL PREIIURI 6101l P#ili
COMBUSTOR OUT'ER CASE STATIC PRESSURE 01,26 PlEA (XOUCIN 0 11)

SBURNER DIFFERlENTIAL TOTAL PRESSURE 4,01 ON$ (xDUCK1 4 13)

.: , CHEMICAL ANALYSIS RESULTS

CDR 2,575 ! 02 06691 1 CO 1i163 PP" COX is# PPN
.. NO 2309 PPM N02 16,1 FPM NOX 39od PPM INO(NDIR) 0 NOI(NOUV)|

NO ,o PPM 402 Is PPM 409 of PPM I CNNIUUM|N98CINC9 3
EISSBIONS INDEX, L611961 L1 FUEL$ COO lf,1V CNX9 *34

CHIMILUMINESCENCE NOXa 06O NOIR 4 NOUy NOxe 401id

CALCULATED FUELIAIR RATAO FROP CHEMICAL ANALYi|8I 691l300
€ALCULATID COMBUSTION EFFIC1ENCY FROM CN|01CAL ANALYSISl 0#04461 x

;CHECK ON ?IA RATIO- F/A a .111431 WIO Cgs CALCULATED Ofe |7s!1i I

S ALTZMAN NOY, 31.S$PIO 3.8

figure 382. Final Modified Conventional Liner, Modification "All at
Nonregenerative 40% Power 72% Closed DZ.
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T63 COMBUSTOR EXPERIMENTS - RIG D/U 59p TEST SERIES 60p READING 0 633
T63 MODIFIED CONVENTIONAL LINER# MOD "AM AT STD T63 INLET CONDITIONS,
TEST SATES 7-28m72 READING WAS TAKEN AT t122112 HOURS

CYCLE POINT 4 VARIABLE GEOMETRY 32 Z CLOSED 55 1 POWER SETTING

***** EXPERIMENTAL CONDITIONS ***
BURNER AIR FLOW 2,737 LB/SEC AVG BURNER INLET TEMP 430o 0ES F
AVG BURNER INLET PRES 71.2 PSA AVG BURNER OUTLET TEMP 137d, DEC F
AVG BURNER DELTA P 4,79 "mG PRESSURE LOSS 3,31 1
OVERALL F/A RATIO 01454 (F/P) FUEL FLOW RATE 143.2D LbiMR
AIP LOAD FACTOR 101464 PATTERN FACTOR .31117
BOT NOT SPOTS 4 26 a 1658o DEG F MAX SOT I AVG SOT logo?$
FUEL INLET TEMPERATURE 16. DEG F FUEL INLET PRESSURE 431.6 PSIA
NEAT LOADING PARAMETER ,43629E*07 STU/NOUR/ATM/CUSIC FOOT

e*a* BURNER OUTLET TEMPERATURE SURVEY .a..
ID TEMP 10 TEMP 10 TEMP ID TEMP ID TEMP 10 TEMP 10 TEP

ANNULUS 1 2 1691, 6 1376, 15 1425, 19 1364, 24 1373, 17 1556. 36 1450.
ANNULUS 2 4 1202. 7 1487. 16 1391. 21 1172, 25 1544. 34 1637o 37 1636t
ANNULUS 3 5 1315, 14 1946. 17 1246. 22 1160. 26 166. 35 145. 39 16.,

LEFT SIDE **. AIR INLET TUBE CONOITIONS a., RGT D0E
TOTAL PRESSURE ?.e PSIA TOTAL PRESSURE i1le PSIA
STATIC PRESSURE 76.66 PSIA STATIC PRESSURE 73,07 PSIA
VELOCITY DELTA P .60 MG VELOCITV 0ELTA P 070 ON$
AIR TEMPERATURE 429. DEG F AIR TEMPERATURE 435, MES
A:R VELOCITY 112.96 FT/SEC AIR VELOCITY 131410 PTISEC
OFFERENTIAL PRESSURES t(LEFT PoTOTAL)(RCGNT PaTOTALI) Q.?3 0.a

AIR FLOW OATAI P-REF& 123,5 PSIA DELTA Pf 3,01 s ToREFs t0, 06 F

FUEL SYSTEM OATAI
FUEL FIN FmEOUChCY 529. OZ VOLUOETRIC FLOW RATE 3.16 SALWMR
FUEL PRESSURE AT F/M 536,4 PSIA FUEL TEP AT p/m is* 016 P

MISCELLANEOUS TRANSDUCER READINGS$,,
MANIFOLD AVERAGE BURNEA OUTLET TOTAL PRESSURE 4064 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 6ell PSIA CROUCIN a 11)
BURNER DIFFERENTIAL TO!AL PRESSURE 4,76 *me (KOUCER a 13)

* CHEMICAL ANALYSIS REIULTS *
GAS SAMPLES TAKEN IN PLANS 01

COR 2,751 2 02 14,56 1 CO s2l PP" CMX too PPM
NO 33.7 PPM NO . PPM NOX 33o? PPM (NOCNOIR) * NOICNOUV))
NO , PP" Not 93 PPM NOX J6 PPM t C0EMILUNINESCENCK I
EMISSIONS INOE, L911889 LB PUELS COs 15.33 CMX. it

CHIMILU"IhESCENCE NONe see# NOIR * NOUV NO~e 3'74

CALCULATED FUEL/AIR RATIO FROM CHMPICAL ANALYSIS$ ,1t1t
CALCULATED CONBUSTION EFPICIENCY FROM CHEMICAL ANALYSISI 90oI61i X

CHECK ON F/i RATIO- F/A a e@13231 W/O 02. CALCULATED Of a 11ll I

SMOKE INDES N3 Z
SALTZMAN NOX , 39 PP.

Figure 383. Final Modified Conventional Liner, Modification "A" at
Nonregenerative 55% Power - 32% Closed DZ.
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T 3 COMBUSTOR EXPERIMENTS - RIG B/U 50, TEST SERIES @go READING S 613
T03 MODIFIED CONVENTIONAL LINER, MOD *A AT $TO, T63 INLET CONDITIONS.
TEST DATEI 7w21-72 READING WAS TAKEN AT 1139136 NOUN$

CYCLE POINT 4 VARIABLE GEOMETRY 50 X CLOSED $5 1 POWER SETTING

*0*** EXPERIMEkTAL CONDITIONS *****
BURNER AIR FLOU 2,741 LB/SEC AVG BURNER INLET TEMP 431. DE6 F
AVG BURNER IS&ET PRES 71.2 PS1A AVG BURNER OUTLET TEMP 1317 0EG F
AVG BURNER DELTA P 5.76 ONG PRESSURE LOSS 3.35 x
OVERALL F/A RATIO 061442 (V/0) FUEL FLOW RATE 142.55 LI/1R
AIR LOAD FACTOR 1.1567 PATTERN FACTOR .26638
SOT NOT SPOTI 4 Zd 0 1584, DEG F OAX SOT / AVG SOT 4.1413
FUEL INLET =MPERATURE 97, DEG P FUEL INLET PRESSURE 416,7 PSIA
NEAT LOAD:,.G PARAMETER ,43379EW37 BTU/NOUR/ATM/CUSIC FOOT

ID *** BURNER OUTLET TEMPERATURE SURVEY *a.'

DTEP I R TEM0 MP 0 TEMP 10 TEMP I TEMP 10 TIPP 10 TEMPANNULUS 1 2 1254, S 1368. 15 1364. 10 11.3. 14 1451. 17 1533. 36 1415.

ANNULUS 2 4 1276o 7 1435. 10 1371. It 1131, IS 1533. 34 154, 37 1403,
ANNULUS 3 5 1280. I4 1436, 1? 1250, It 1184. 16 151., 3S 151, 39 1351

LEFT 31DE 00* AIR INLET TUBE CONDITIONS ea, RI6T SID
TOTAL PRES3URE 71.21 PIA TOTAL PREISSURE 71.16 P1i*
STATIC PRESSURE 70.55 PSIA STATIC PRESSURE 7006 PITA
VELOCITY DELTA P '66 mS VELOCITY DELTA P .61 Ol
AIR TEMPERATURE 433, DEG F AIR TEMPERATURE 431, OES F
AIR VELOCITY 119,0? FT/SEC AIR VELOCITY 131,01 FT/ISEC
DIFFERENTIAL PRESSURES ((LEFT P*TOTAL)%(RISHT PeTOTAL)l 06694 'M

AIR FLOW OATAI PPEF* 163.4 P$tA DELTA Ps 3.65 $No yeREPE 16. oE F

FUEL SYSTEM OATA:
* FUEL FIN FHEOUENCY $I7. NI VOLUITRIC FLO RATE 13.0? 6AL/MR
*FUEL PRESSURE AT FY/ 513, PIA FUEL ?EMP AT F/ Os. DES F

.. MISCILLANEOUS TRASOUCER READING& ..
MANIFOLD AVERAGE SUNE0 OUTLET TOTAL PRESSURE 61,4o Pth
.COA#UITOR OUTER CASE SIATIC PRESSURE 63.73 PSil (IOUCR I1 11)
BURNER OIFFERINTIAL TOTAL PRSURE 5.73 *NO (IOUCI I I)

* CHEMICAL ANALYSIS RESULT$ *
GAS SAMPL.ES TAKEN IN PLANE *I

COI 30114 X 0 14oll V cO 1456i PPM CMx 'I PPM
NO 27.4 PPN NOt ,j PPM NOw #?, PP (NO(HOIR) * NOt(NOUV)I

NO 's PPM wOo of PPM NOw ,1 PPM t CHIMILUMINISCENCE I
ItSSIONS INDEX, LI119l Li FUELI COO too1i #?iS .As

CH MILUMINESCEkCI NOX6 off# NOIR * NOUV "Ole 3.,7

CALCULATED FUEL/AIR RAtO POO CHEMICAL ANALYSIS$ ,016453
CALCULATED COMBUSTION EFFICIENCY PRO CIN1CAL ANALVSISI 908040 1

CHICK ON F/A RATIO* F/A e .314404 /O O* CALCULATIO 01 1#16? I

SMOKE INDEX:
SALTZMAN NOR Opp5 PPC.~

Figure 384. Final Modified Conventional Linert Modiflcation "A" at
Nonregenerative 55% Power - 50% Closed DZ.
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163 COMBUSTOR EXPERIMENTS - RIG I/U 5s TEST SERIES 09, READIN6 a 014
T63 MODIFIED CONVENTIONAL LINER* O0 PAN AT $TO, T3 INLET CONDITIONS,
TEST OATES 7-20-71 READING WAS TAKEN AT 1163135 HOURI

CYCLE POINT 4 VARIABLE GEOMETRY 73 1 CLOSED 55 1 POWER SETTINI

,OCSe EXPERIMENTAL CONDITIONS Cecco
IUPNER AIR FLOW 2,710 LB/SEC AVG BURNER INLET TEMP 43, 096 F
AVG WURNER INLET PRES 71.4 PSIA AV$ BURNER OUTLET TEMP 1394. 01G P
AVE BURNER DELTA P 6,47 01G PRESSURE LOSS 4.45 S
OVERALL F/A RATIO 001462 (FI) FUEL PLOW RATE 141061 LI/mR
AIR LOAO FACTOR 1.1315 PATTERN FACTOR 634093
80 NOT SPOTS a 34 a 1731. DE F MAN SOT I AVG SOT soI413
FUFL INLET TEMPERATURE 104. DEG F FUEL INLET PRESSURE 430,7 PSIA
"EAT LOADING PARANETER 43274E#7 9TUI/OUR/ATM/CUIIC FOOT

ee.. BURNER OUTLET TEMPERATURE SURVEY ***.
10 TEPP ID TEMP I TEMP I TEPP ID TEMP 10 TEMP ID TEP

ANNULUS 1 2 1173. 6 1263. 15 1354, 19 1183. 14 1537 17 Idl 30 1004,
ANNULUS 2 4 1272, 7 1245, 16 1342, It 121, 25 1531, 34 1731. 3? 1500.
ANNIJLUS 3 5 1215. 14 1414a 17 11730 12 1308o 16 t493, 35 100, 39 1419.

LEFT SIDE *t AIR INLET TUBE CONDITIONS *a* RIhT SIME
TOTL PRSSURE 71.44 PISA TOTAL PRESSURE 1144 PSIA
STATIC PRESSURE 71,03 PSIA STATIC PRESSURE ?l.1 PSIA
VELOCITY DELTA P '65 611 VELOCITY DELTA P o$$ I MS
AIR TEMPERATURE 430o DEE F AIR TEPPERATURE 430, DI6 P
AIR VELOCITY 133,1 FT/SEC AIR VELOCITY li.7 FTOSEC
DIFFERENTIAL PRESSURES t(LEFT P.TOTAL)-(RIGMT PTOTAL)3 *017 006

AIR FLOW DATAI. PFREFU 103.0 PSI& DELTA Ps 3900 RNG TOREFo I1#. DES F

FUL SYSTE" DATA:
FUIL P/N FREQUENCY $too MR VOLUPTRIC FLOW RATE 13.1 SAL0M
FUEL PRESSURE AT F/N 565.0 Pit& FUaL TEMP AT F/M 101. DE I

oISCILLANEOUS TRANSOUCER PEADINGS e
PANIFOLO AVERAGE SURN9 OUTLET TOTAL PREIIUE 00,12 PSIA
COQSUSTOR OUTER CASE STATIC PRESSURt 006? PISA (IOUCIR 0 1)
BURNER OIVFERENTIAL TOTAL PRES&URE 0,40 OMS CIUCER 4-13)

ChtICAL ANALYSIS RESULTS *
GAS $APPLE$ TAKEN IN PLANE 41

Cot 3,106 1 01 130900 1 CC 137,0 PP CHI I'd PPN
NO 25.1 PPM NO* a0 PPM NON #8ol PPN INO(NDOI) * NOI(kOUV))
NO to PPM Not 's PP P O! . PPM ( CMIMILUMNNSCEMCE I
EMISSIONS INDEX, Lo/lOOm Le FUELI COs 15,05 CNIO *I$

CHNILUMINEICENCE NON* too* NotR * 0UV Noe 3610

CALCULATED FUEL/AIR RATIO PROP CNIPICAL ANALYSIS: o6171?
CALCJLATEO COMUSTION EFFICIENCY FROP CMEMICAL ANALY4iSi so$tse a

CHECK ON F/A RATIO. F/A 9 .0140 W/0 0f CALCULATED 0f S 10.9oi 1

SiOKE INDoEE 4.43
SALTZMAN NON. o : ..PP...84.

Figure 385. Final Modified Conventional Liner, Modification "A" at
Nonregenerative 55% Power - 70% Closed OZ.
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T63 COMBUSTOR EXPERIMENTS - RIB S/U 59P TEST SERIES 69, READING a Its
T63 MODIFIED CONVENTIONAL LINER# MOO *A" AT ST0. TO3 INLET CONDITION$*
TEST DATE$ 7 0-P READING WAS TAKEN AT 111sldI HOURS

CYCLE POINT 3 VARIABLE GEOMETRY 53 % CLOSED 75 1 POWER SETTING

***** EXPERIMENTAL CONDITIONS eee
BURNER AIR FLOW .2,966 LB/SEC AVG SURNER INLET TamP 473, DEG F
AVG BURNER INLET PRES 86,6 PSIA AVG BURNER OUTLET TEMP 1568, DIG P
AVG BURNER DELTA P 6.2 2 MG PRESSURE LOSS 3,78 2
OVERALL F/I RATIO .01667 CF/P) FUEL PLOW RATE 177,06 LI/KR
AIR LOAD FACTOR 1.1115 PATTERN FACTOR .11563
8OPOTS 4 26 a 1115, AEG S OTS got I AVG SOT 141667
FUEL INLET TEMPSlIATURE 111. DG F FUEL INLET PE1SSURE $104 PSIA
WEAT LOADING PARAMETER *4774EW. BTU/WOU1/ATMtCUGIC FOOT

,v*. BURNER OUTLET TIPERATURE SURVEY *e1
Io TEPP to TEMP I Tamp 1I TEmp 10 TEmp IDTEMP 10 TamP

ANNULUS 1 1 1430I. 6 1564. 15 1t61. 10 1311. 4 t501. V7 16l. 36 1504.
ANNULUS 2 4 1S1,. 7 1663. 16 1556. I 1377* 15 111, 34 1714, 37 116.
ANNULUS 3 5 1514. 1d 1869. 17 1461. It 141. SO 1665, 35 1603. 30 1540,

LEFT SIDE *** AIR INLET TUSECONDITIONS 0** RIGHT slog
TOTAL PRESSURE 0.79 PSIA TOTAL PRESSURE $a$$$ PsIA
STATIC PRESSURE 61,35 PSIA STATIC PRESSURE 6.30 PIIA.
VELOCITY DELTA P .9 'M6 VELOCITY DELTA P 6 O N GNI
AIR TEMPERATURE 473. DEG F AIR TIPERATURE 474. DIG F
AIR VELOCITY t13.27 FTIfeC AiR VELOCITY 110691 TISECDIFFERETIA~L PlISWRII t(L[FT POTOTA000I161N1 POTOTAL)) -1.I4l *el

AIR FLOW DATAS P*RjFw 112.5 PSIA DELTA Ps 4*33 *N6 TJel10 Ul 1 ci P

FUEL SYSTE1 DATA$
FUEL F11 FIOUAC sl. Ml VOLUMITRIC PLOO RAT[ M.$0 SALINA
-FUEL PRSS.URI A F/ 5640 PSIA FUEL TamP AT F/N led. 016 F

** MISCILLANIOUS TRAIsOUCI RlAOINGS ..
MANIFOLD AVRfAG9 SURNER OUTLET TOTAL POISIURE ,4 PSI&
COMBUSTOR OUtE* CASE STATIC PRESSURE yt04 PitA (IUC * 11)
-URNER OIFrPRtNTIAL TOTAL PRESSURE 6.1 -e4 (RoUCIR 6 13)

C HEMICAL ANALYSIS RISULTI a
GAS SAPLES lawE IN PLANE 1

COt 3.313 3 o 16.75O I CO 107' PPM CMO it PPM
NO 42,9 PPM Not .0 PPM NO 4160 PPM t"(NOIN) 4 "OetoUV)I
NO 's PPM kO2 . PPM MO1 .0 PPM I CMElILUNINISC9MCI I
IlSSIONS INDEX. LI1146 LO FU4LS COv 1107 Clg st

C m¢ILUMINEIClNC NONe 61. NOIl * OSI 11W 4.16

CALCULATED FUEL/AI RTIO PROP C"9EICAL ANALTSS. .171
CALCULA11O COMIUStION IFFICIENCY FROM CHEMICAL ANALTSISI 11.711 %

CMiCK ON F/A RAlto 91A 0 8005649 */0 ate CALCULATED 01 a 8111 1 I

SMOKEINU NS s3.We 00,00 1000. al O*w +. 000s.2~*0~t~w~e

Figure 386. Final Modified Conventional Liner, Modification "A" at

Nonregenerative 75% Power 50% Closed DZ.
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T03 COMBUSTOR EXPERIMENTS o RIG B/U 59 TEST SE1ES 69, READING a fle
163 MODIFIED CONVENTIONAL LINER, MOD "A" AT $TO* T63 INLET CONOITRO,1
TEST OATE 7-tr 2 READING WAS TANEN AT 136101 MOUn8

CYCLE POINT 3 VARIABLE GEOMETRY 32 % CLOSED 75 1 POV4' SETTINGI E XIPERIMENTAL CONOITION$
IURNER AIR FLOW 3.636 LB/SEC AVG BURNER INLET TEMP 471, 016 P
AVG BURNER INLET PRES 06,7 PSIA AVG SUMMER OUTLET TENP 1536. OS P
AVG BURNER DELTA P 5.39 clog PRESSURE LOSS 3.31 1
OVERALL F/A RATIO *61424 (FiP) FUEL FLOW RATE 177,56 LI/MR
AIR LOAD 7ACTOR 1,1478 PATTERk FACTOR .34157
SOT NOT SPOTI a 26 0 1692, DES F HAX BOT / AVG SOT 1,2371
FUEL INLET TEMPERATURE 123, DEG P FUEL INLET PRESSURE $46,9 PSIA
HEAT LOADING PARAMETER *476959*17 3TU/OUR/A?%/CU§IC FOOT

to** BURNER OUTLET TEMPERATURE SURVEY ....
T TEOP ID TEmp I0 timp to ?tp to TEmp 10 TEP I0 TEP

ANNULUS 1 2 1236. 6 1361, !6 1531. It 1166, 24 0"33, * 2 01S, 30 144,
ANNULUS I A 1303. 1 1066, 10 144, It 1180, 25 1030, 34-1630, 17 1645.
ANNOIL3 3 5 1467, 14 1009, 17 13350 12 129,.1 Ile?. 35 1640, 39 144.

LEFT sIDo AIR t4LET TU!E CONOITIOh 'a. RIGNT slOE
TOTAL PRESSURE #6.65 PsiA TOTAL PRISSURE #$,I7 PSI,
STATIC PRE$atE A6,17 PsIA STATIC PREISURE $6.4o lSlA
VELOCIyTV DELTA P .04 016 VELOCITY DELTA P *$1 aN
AIR TEMPERATURE I?$. OEG F Ai T. E0ATUft 411, Os p
at VELOCITY 130,14 FTSEEC Ait VELOCITY 108,61.3T/lSC
OIFFEUEOWTIAL PRESIURES(I(LIT '-TOTL).!CPIA

4  P*TOTAL)J slot$ MtI

AIR FLOW 00ATA FeREFo 12.i PSI# DELTA Pe 41)W '4S T*at? 11, 16 P

FUEL iTYE OAT&"
pUl PIk FPoRulkEC W Il, Pm VOLVMETR1C POb *ll 11,6S SALiH
FUEL. PRESSURE AT P/0 653,6 P14 FUEL TIPP At #0M l66, 1S P

09 * SCILLANIOUl TINAMSOUC4 IEAOING 0

PA1IFOLO AVIOAK 6U*kEt OUTLET TOTAL PtSIURE 16,03 PI&A
CjN6USTO4 OUTER CASE ST4T1C PRISut ?$,1t Psi& (SOUCE! 0 It)
IURNEI OIFFIIENTIAI TOTAL PRESI9Jl( 5o34 8*6 (IOUIR a 19)

* CW(WICAL AN'I.Y8It REIU.TI .

lAS IAMLES Tag[" lb PLANE at
COt 3o$14 1 0i 10,400 i CO 14*34 PPN CMI .0I PP
fO 4loi PON Not 't PP bOv 46o' PP £NO(WORt) * q 0(%OUVV)
%O . Pp *O 's PP.M %O *4 PPN t CMEl*LURIIOCINCi I
EtISlIONS 14O011 liPll LI FUELS CDC 11l. Case .I

CmENmLVMINECENC1 NoRw '69, Not* * qOUV Novo 401

CALCULATED PIUEL/IR RATIO PROM CMPEICAL ANALYSISS .614)33
CALCULA TED CONIUSTION EFFICIENCY POO" C0IPICAL IALTIS$ 006*66 !

CHEC4 OW f'A RATIO- fit • 6t1d30l "it 01, ALCULATO O a I0l0 I

Figure 387. Final Modified Conventional Liner, Modification "A,

at Nonrgeineretive 75% Poer 32% Closed fZ.
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T63 COMBUSTOR EXPERIMENTS RIG B/U 59, TEST SERIES 49, READING 6 827
T63 MODIFIED CONVENTIONAL LINER, MOO "Am AT STD, T83 INLET CONDITIONiS
TEST DATEI 7u2C.72 READING hAS TAKEN AT 13193 1 HOURS

CYCLE POINT 2 VARIABLE 4EOMETRY 32 % CLOSED I6 I POWER SETTING

'a... EXPERIMNWTAL CONDITIONS *too*
BURNER AIR FLOW 3o233 Lf/SEC AVG BURNER INLET TEMP StI2 OES F
AVG SURNER INLET PRES 91,8 PSIA AVG BURNER OUTLET TEMP 1746 0E F
AVG BURNER DELTA P 5,59 1101 PRESSURE LOSS 3,6 1
OVERALL F/4 RATIO ,11946 (F/N) FUEL FLOW RATE 826,52 WLHR
AIR LOAD FACTOR 1.1131 PATTERN FACTOR ,33065
DOT NOT SPOTI a 26 0 2153. DEG F MAX &OT I AVG SOT I,2mt@
FUEL INLET TEMPERATURE 119. DEG P FUEL INLET PRESSURE 56s.2 PSIA
NEAT LOADING PARAMETIR ,5396?E497 9TU/NOUR/ATM/CUlIC FOOT

Otte BURNER OUTLET TEMPERATURE SURVEY *tt
ID TEPP ID TEMP Io TEMP To TEMP 1D TEMP 10 TEMP IO TEMP

ANNULUS I 2 1436. 6 1754. 15 1765. 19 1466, 14 1773. 17 15l. 36 1741. 
ANNULUS 2 4 1579. 7 1944, 16 115. it 1453. 13 1671. 34 1613. 37 1773.
ANNULUS 3 5 1662. 14 1675. 17 1619. I2 153. 36 9153. 35 1147. 30 1561.

LEFT SlOE a*. AIR INLET TUBE CONDITIQS *~ . RIGSt SIDE
TOTAL PRESSURE 91.31 PS1A TOTAL PRESSURE 96.o0 PiIA
iTATIC PRESSURE 3lo66 PSil STATIC PRESSURE 9614 PiIA
VELOCITY DELTA P .65 slog VELOCITY OELTA P 1Il 'MR
AIR TEmP'AATURE 531. De G D AIR TEMPARA* RTURe . o6 v
AIR VELOCITY loe$6 PT/ISC AIR VELOCITY 141,46 FT/SEC
OIFFERENTIAL PRESSURE$ lfLEFY POTOTAL)wCRIGHT POTOTAL)) 0633 RHO

AIR FLOW OA';A oR-tFs 101,4 P*IA DELTA Pf Se1 ONG ToeMP. 113- 016 P

FUEL SYSTEM OATAI
FUEI F/N FRIUlECy 146. Ml VOLUMETIC FLOW RATE 36.31 $AL/N
FUEL PRESSURE AT PI/ 463. Pl14 FUEL T(MP AT F/ also 0ll v

* lCtLLANEOUS TRANSOUCI ItAIN1I ,.
VANIOfQQ AVt#AGE 1UNE OUTLET TOTAL PIISUSE 6i,34 PSIA
CONIUITOR OUTIR CASE STATIC POISSll4t 0,45 PSI& (loyCIR a 11)
OURNEN DIFFERENtIAL TOTAL P41SSUSl 5.61 'MS (KOUCta 1 1)

6 CHEMICAL ANALYSIS RESULTIS
GAS SAMPLES TAKEN IN PLA4l 01

cot 0 .l304 1 at 13,666 1 CO 113.7 PP" CNI 's PPN
Mo Is,# OPP ka *O PP 40 ?I. PP" lketI0la) * Ol("0hJv)l
lO # PPM hot. ' PPN #Ox of Pom t C4tolLu-ptllCNCl I
EMISSIONS INOCX, LoI/1I6 Le PUEL CO ets C16 .06

SCMlMILUMWSIICECl *ON& .0s. Note0 NOUV NOs* all4

CAILCULATIo FUL./Al RAlto PROP CEMlICAL ANA0LYIS .01311
CALCULATED CONIUSTIOM EFFICIENCY FROM CNIPICAL AALVSISI 098*33 1
CCMCM 04 /A RAT6 I L. sn 811145 VI 03. CALCULATED 01 15.50? 1

SMOKE tID 7S1 pp
6ALNAM~~4 3O * ~ P 2.

Figure 388. Final rodifted Convootional Liner Modification A"
at Nonrejenerative 100% Power 3k n Closed DZ.
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T63 COMBUSTC'. EXPERIMENTS - RIG B/U 59, TEST SERIES 69j READING N $2
T63 MODIFIED CONVENTIONAL LINER, MOD "A" AT STD, T63 INLET CONOITION5.
TEST DATE: 7-20-72 READING WAS TAKEN AT 1339121 FGUR!

CYCLE POINT 2 VARIABLE GEOMETRY 50 % CLOSED 166 % POWER SETTING

EXPERIMENTAL CSNOITIONS
BURNER AIR FLOW 3.187 LB/SEC AVG BURNER INLET TEMP 524, D9G F
AVG BURNER INLET PRES 91.2 PSIA AVG BURNER OUTLET TEMP 176. DEE F
AVG BURNER DELTA P 7814 "1G PRESSURE LOSS 3.85 %
OVERALL F/A RATIO .01928 (F/M) FUEL FLOW RATE 221,22 LU/HR
AIR LOAD FACTOR 1,0969 PATTERN rACTOR .34319
BOT HOT !POTI a 34 a 2184, DEG F MAX DOT / AVG SOT 1.2410
FUEL INLET TEMPERATURE 136. 'kG F FUEL INLET PRESSURE . PSIA
SEAT LOADING PANAMETER *526| .S7 BTU/HOUR/ATM/CUBIC FOOT

a.'. BURNER OUTLET TEMPERATURE SURVEY aaa*
I TEPP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 16P9. 6 I6,. 15 1690, 19 1401, 24 1729, 27 1935. 36 1024,
ANNULUS 2 4 1634. 7 1720. 16 1667. 21 1484. 25 1872. 34 2184. 37 1969,
'NNULUS 3 5 1610, 14 1787, 17 1510, 22 1510. 26 2036. 35 2181, 39 1838,

LEFT SIDE at, AIR INLET TUBE CONDITIONS aaa RIGHT SIDE
TOTAL PRESSURE 91,12 PSIA TOTAL PRESSURE 91.1 PSIA
STATIC PRESSURE 90 .8 PSIA STATIC PRESSURE 96.61 PSIA
VELOCITY DELTA P .91 "G VELOCITY DELTA P .74 'MG
AIR TEMPERATURE 523, DEG F AIR TEMPERATURE 525. DEG F
AIR VELOCITY 128.64 FT/SEC AIR VELOCITY 116,95 FT/SEC
DIFFERENTIAL PRESSURE: E(LEFT P-TOTAL)-CRIGHT P-TOTALS] 04118 "HG

AIR FLOW OATA: P-REF, 1023 PSIA DELTA Ps 5,4 "MG TeREFn 114. DEE F

FUEL SYSTEM DATAI
FUEL F/H FREQUENCY 630. HZ VOLUMETRIC FLOW RATE 30.16 GAL/NR
FUEL PRESSURE AT F/H 674.1 PSIA FUEL TEMP AT F/M I11 DEG F

** MISCELLANEOUS TRANSDUCER READINGS *a
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 7,64 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 69,67 PSIA (XDUCER 6 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 7.66 "G CXDUCER 4 13)

a CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 01

C02 3,840 % 02 15,700 X CO 166.6 PPM CNX I1 PPM
NO 69.6 PPM N02 .@ PPM NOX 69.6 PPM tNO(NDIR) * N02(NDUV))
NO @ PPM N02 .0 PPM NOX of PPM I CHIMILUMINESCENCE I
EMISLIONS INnEX, LB/100 LB FUEL# COD 5,55 CMX@ .1

CHEMILUMINESCENCE NOX5 se , NDIR * NDUV NOX 5.14

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI 9618223
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSI81 99,6426 1

CHECK ON F/A RATIO. F/A o616271 W/O 02, CALCULATED 02 a 15.644 1

SMOKE INDEX:
SALTZMAN NOX 9 Z3PPM S~3

Figure 389. Final Modified Conventional Liner, Modification "A",
at Nonregenerative 100% Power - 50% Closed DZ.

602



TABLE LXXXIV. COMBUSTOR PERFORMANCE STANDARb-INGTH, MODIFIED
CONVENTIONAL FINAL DESIGN, MODIFICATION "A"

DUTY CYCLE POINT 1 6 5 4 3 2

32% Closed

Co. (ppm) 466.0 349.5 267.9 228.1 183.4 123.7

H/C, (ppm) 32.0 7.3 3.1 1.8 .8 .0

NOx (NDIR + NDUV)(ppm) 20.8 28.4 36.5 .-- --

Nox (Saltzman)(ppm) 20.8 25.6 32.1 39.9 51.7 76.0

Smoke Number 28.0 53.0 59.0 63.3 69.0 75.2

Pressure Loss, % U.03 3.26 3.17 3.31 3.28 3.02

T max /Tavg 1.259 1.280 1.233 1.207 1.237 1.232

50% Closed

Co, (ppm) 449.9 267.9 243.0 187.7 108.6

H/C, (ppm) 25.0 2.1 .8 .5 .1

NOx (NDIR - NDUV)(ppm) 17.9 36.5 -- ..

NOx (Saltzman)(ppm) 17.9 32.3 44.5 51.3 62.3

Smoke Number 25.0 54.0 56.6 63.7 65.5

Pressure Loss, % 4.37 3.63 3.98 3.78 3.85

Tmax/Tavg 1.150 1.203 1.142 1.151 1.241

70% Closed

Co. (ppm) 281.3 237.6

H/C, (ppm) 2.9 1.4

NOx (NDIR + NDUV)(ppm) 39.4 --

N0x (Saltzman)(ppm) 31.5 43.9

Smoke Number 53.0 49.6

Pressure Loss, % 3.83 4.45

T ma /Tavg 1.163 1.241
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S.. . 0 Conventional Liner

90 L- Extended-Length Liner
Modified Conventional

I < 32% Closed DZ8of A 50% Closed UZ
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Figure 390. Nonregenerative T63-A-SA Combustor
Hydrocarbon Lmission Data Comparison for
Standard-Length,Modified Conventional Desigii
Modification "A" Combustor and T63 Baseline
Combustors.
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Conventional Liner1000 - Extended-Length Liner
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Liner, Mod. "A"

90 %o Closed D a
50% Closed DZ
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Figure 391. Nonregenerative T63-A-SA Combustor
Carbon Monoxide Emission Data Comparison for
Standard-Length,Modified Conventional Design
Modification "A" Combustor and T63 Baseline
Combustors.
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0 Conventional Liner
[ Extended-Length Liner
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Liner, Mod. "A"

> 32% Closed DZ
o 70 50% Closed DZ
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Figure 392. Nonregenerative T63-A-5A Combustor
Nitrogen Oxide Emission Data Comparison for
Standard-Length,Modified Conventional,Final Design
Modification "A" Combustor and T63 Baseline
Combustors.
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for NOx measurements at cycle points 2, 3, and 4 during the test.
Even though the NO constituents appeared to be higher for Modifica-
tion "A", the comparison of the Saltzman measured NOx indicated a
reduction in NOx of 13%. Smoke and particulates from Modification
"A" were the highest from any of the Final Combustor configurations.
As indicated in Figure 393, smoke numbers for all data points except
idle (10% power) were 50 or higher. Only the 32% closed setting
values are indicated in the figure, as the 50% and 70% values were
also well above the ordinate scale.

The exhaust temperature profiles shown in Figure 3914 indicate that
there was general improvement when the dilution holes were closed
from 32% to 50%. The 32% closed setting profile was unacceptably
high, and the 50% closed profile was marginal. At idle combustor
conditions, the dilution geometry was opened to the 0% closed posi-
tion for a few minutes. The Tmax/Tavg temperature profile was
approximately 1.50, and the pressure Ioss was 3.4%. Because of the
ext2emely poor idle profile, additional 0% closed settings were not
used during the test. The skin thermocouple temperatures are
plotted in Figures 395, 396, and 397 for the three geometry settings.

A lampblack flow visualization plate was made of the internal aero-
dynamics of the Modification "A" combustor liner as shown in Figure
398. The flow trace was obtained at the 32% closed dilution setting
as indicated by the liner in the photograph. It appeared from the
flow pattern that there was insufficient primary and dilution air
penetration into the combustor, and thus the mixing and recirculation
were ineffective.

The mechanical problems encountered with the variable-geometry band
and the low pressure loss of the combustor were cited as the factors
responsible for the poor combustor performance. Moving the dilution
holes 2.00 inches upstream did not improve the exhaust temperature
profile. The region of the combustor having the greatest influence
on exhaust temperature profile must therefore be the primary zone,
not the dilution zone.

Modification "B"

The design changes to Modification "A" of the Fiial Modified Con-
ventional combustor which resulted in Modification "B" were the
following:

o A new variable-geometry slip band was fabricated which would

operate more smoothly and would leak less.

o The cantelevered actuator tabs connecting the actuator rods

to the slip band were redesigned to increase their stiffness,
thus eliminating any deformation during testing.

607



• *~j 3) (69 .0),-

34 rs. -o) 75.2

32.

30_

28

S26 - -___

,,._ t -- - i

22 0 onventional Liner
t- [ Extended-Length Liner

! H Modified Conventional
20 Liner, Mod. "A"

.-Z 32% Closed DZ
18 A 50% Closed DZ

t 70% Closed DZ

Z 1.0 10-

.)

0 _

0 10 L20 30 40 50 60 70 8090 100
Percent Output Horsepower

Figure 393. Nonregenerative T63-A-SA Combustor
Smoke Data Comparison for Standard-Length,
Modified Conventional Design Modification "A"
Combustor and T63 Baseline Combustors.
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Figure 394. Nonregenerative 763-A-5A Combustur
Temperature Profile Data Comparison for Standard-
Length, Modified ConventionaY Design, Modification "A"
Combustor and T63 baseline Combustors.
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Figure 395. Nonregenerative T63-A-5A
Combustor Skin Temperatures for Modified
Conventional Combustor, Modification "A" Operating
at 32% Closed Dilution Geometry Setting.
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Figure 396. ?Jnregenerative T63-A-SA
Combustor Skin Temperatures for Modified
Conventional Combustor, Modification "A" Operating
at 50% Closed Dilution Geometry Setting.
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Figure 397. Nonregenerative T63-A-SA
Combustor Skin Temperatures for MoJified
Conventional Combustor, Modification "A" Operating
at 70% Closed Dilution Geometry Setting.
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o The primary holes and dilution holes were reduced in area to
increase the combustor pressure loss at the design setting
from 3% to 5%.

* The dilution hole pdttern was changed from six holes equally
spaced to four holes spaeed in a six-hole pattern.

0 In order to reduce the smoke and particulates, an Ex-Cell-0
air-blast pressure atomizing fuel injector was installed.

Modification "B" of the "Firal Modified Conventional Combustor Liner"
was tested at three different geometry settings over the nonregen-
erative operating conditions: 0%, 28%, and 50% closed. The 28%
closed setting was the nominal design point for the nonregenerative
tests. The regenerative position was intended to be 0% closed or
full open.

The detailed test daia results for the T63 nonr*generative evalua-
tion are presented in Figures 399 through 411, Two of the skin
thermocouple leads were broken prior to the rig tests of Modifica-.
tion "B"; thus no skin temperature oats wetv recorded for this con-
figuration. Pressure lois results from the nonregenerative tests
are summar-ized in Table LXXXV. On the average, the pressure losses
for 0%, 2R%, and 50% closed dilution settings were 4%, 5%, and N%.
Th mechanical operatlot. of the combustor variable dilution gon*ry
gave ni problems during the test. With the dilution go.bmtry set
at the 28% closed position, combustion lean blowout from idle Tbi
nonreguneratlve combustor conditions was obtained at a fuel/air
ratio of 0.0042 fuel/air ratio.

The measured exhaust emissions are sutmaried in Table LXkXVI.
Crmparisons of thc-e emissions with the Co' 'entional T61 combustor
liner appear In Fiqures 412 through 416. 'n',ic emisvion -.ronvnt,-a-
rions at the same tilution geometry settings of the Modification "V
combustor liner are connected with daihed lines. The settin which,
when conbined, resulted In the lowest LOHN duty cycle total emissions
are connected by solid lines. The hydrocarbon emissions are shown
in Figure 412. A significant reduction in hydrocarbon emissions
was obtained in closing the dilutfinn holes from 0% to 28% close4.
Further restriction of the dilutiot reulted in only a mine-
additional reduction. Overall, hydrocarbon mass emixsson,' ',ere
reduced 76% below the Conventional combustor level.

The carbon monoxide concentrations in Figure 413 show that the
minimum levels for the Modification "B" combustor uere obtained
with the 28% closed dilution geometry settitr; up through the SS%
power conditions. At 75% and 100% power, the S% clofsed setting
gave lowest CO. Over the duty cycle, the Modificatio., "B" com-
bustor reduced carbon monoxide 56%. As can be seen in Figure 414,
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1h,% 011'-USIOW E10 IOPWS -RIG 0/1) 7t, TEST SERhIES 85, READING 4 945
T6.s m'fl)IIIEO Cn?~vE'jT1NAL LINER, POO' OR" SU~N AT STD T63 INLET CONDITIONS
TIEbT oATt.: 13j-7 IEAVI1 tAS TAKENh AT 132at5t NOURS

CYtCf.E Po1t~l I VARIAeLL CLO"'ETRY 28 % (LC8ED 10 Z POuWER SETTING

.,.ExPEWIm NTAL CONUIIICNS ee*,,
!~UmNtbk AIR FL')" 1,471 LS/WE AVG ePkPPER INLET TEPP 299. DEG P
AVG dotd T..LET Ikht$ 4.3 . PSIA AVG. bANER OPeTLE7 IE14P 1809, DEG F
AV6 mu#kI; UELIA P 4.6b *rG patsSukE I'm 5.21 %
OVji4ALL ,'/A dAT~ti *i,!A93 (F/Pl FU.EL FLON RATE 71.66 L81NA
All' ,.{AQ FACT04~ I.451A PAITL1, FACTOR .2??
bOT "UTj SPOT: b3 a IRP C EG F PAX bOT / AVG DOT 1.1921
F~fL 1'NLfT TEm'tNAlLeWb QI, DEG F FI.,L INLET PRESSURE 72.0 PI1*
PEAIT LUACItiG Pal-AetTER .35444f.U7 bTL,/mO10/ATP/CUFIC FOOT

os. uiRt'E OUTLET TFPPtPATL6Q9 SURVEY a.
ID T~po 10 TE'4P IV) TEMP ID TkmP 10 TEMP 10 TEAP 10 TEM'P

A.IiS1 2 1..10b. ft I 06b * 10 IV22. 19 915, 24 06f, 27 115. 36 119.
ANKQLtj 2 4 1I'd3. 7 IoS6. t6 650, 21 079* P5 064, 34 tit** 37 1156.

S'1416, 14 5#42, 17 771, 22 046. It6 955. 310. 1130,.39 1920,

LW 41ILET TUOE CONCItIOkS *ts $101 ID
1U&'L PktSbvpz1 44.41 PSIA TOTAL FRES&-URL 43.64 P&1*
ST&TI., '~3 P.1 $T*IIC POE63URE 43.60 P911,
WLCC~f ULLA 1; 15% W1. VELVC17y DELTA P '46 0146
AIQ ltrotAAi 2Q91 DEG F AIW 71POERAYURI 290, DIB F
AlIt VfLk"JTr 1.4.96 F7/SIC 415 vFLOWIY 110.i4 PT/5EC
Dz tAk~l'14L P'?$50ofht t(LEFY P-TOTAL)0(016GNI P-YOTAijj -,07 8"r#

at;* PLItat fATAj powtt 1,43'a P$R' 111L TA 016 t,56 'MIG T.OEPS is$. 016 P

FA Ffpt " ukIN g65, Z VOLII.'ITRIC PLO061t MATE 11.5 SAt/i
Fut Poi.ssid( AT F/1. !; PSI& FQLL TIPS) At 0114 is5, DIG 0

*8 !StLLh~CU5TRiAIspuLt 01ADIltOS so
P Ak t FJu D( A' 0 4 4 ' t 0 T kA T T rTA at 019S ,Rt 41,34 PSI&
ter4osTuoutt cast. .AS TATIC P*R$5vuh 42.5* PI& (xOi'IR a 11
bU'kkit 4le.I.'kII L TOTALh 04USE5 4.61 009 CR04CIt * 131

*4MCAEPICA ANALISIS ROST
GA.S 140LIS 1401k Nl PLAN-~ *I

C02 I.VK5 1 02 14R.ss I Cc 44b,6 OPM CM"I 81.0 POP
Pon' kL? I1,, PP.' Not 16.0 PPP IKOCNOZp) * %0MtxuV))

kc Igvi Ppv kvi It,# PPP kCE 21,t PPM t W~LP~(1~
Er-TSSIDKS J~ftk LM/).P~t 05 Fuft CC* 350)4 C"If #101

CI~t~iL-b6b13..%CENot#. 3,17 NO R* a,0U ~l 36

CAt CULATEC' F-tL/AIN RATIO PROP CWEPrICti. 4441.1911 '164794
CALCIILATFID CO"l4TICA tPPKCIltCv PACIO CML"1CAL ANALYSIS) 910004 It

CC010 N.s */A9 ' r-AIC' A a *com~s bhCOf C ALCULAlto 02 a 14,201 1

Figure 199. Final Modified Coaventionvi). Liner,~ Modificationl "B"'
#t Noniegenerativwe ii),6 Power 28% Closed~ OZ.
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Ci~3L;t1' ~I~i ~ RI~G /U 71t, IF4T SFRIES 85,P REACING k 9A6
16,4 M~il IFII 11 C"- V~t Tj,'A.~ Ll~ti-, I' i" kIN AT STD 763 INLE1 CO?.DITIONS
T tS T .T t - I ..7~ EIIL i%.S TAI(FN AT 13d3156 HOURS

.L.I-LL f"W( tFVp' 6' % CLrSEL) 2p % P0wER SETTING

**,*' E'1!-thTAL. CC~kLITICN5 *****
AI-I'j FLO At~ 1*46 0r/St L AVA- tURNER INLET 1EM 299. DEG F

A~C * ' ~ L .PrS 43.7 ps!A aV(' b~iikNEI OLITLET IF'iP 1AA1, DEG F

i.. .. 6 .1 !m It r. G FpfE)SUAE LOSS 4,0l3 %

Ljl% t- L L 1 -' I) FUtL. FL01. RATE 71,56 L8/MR
AI'Lf V-) FAL I 2. ' I PA~ITLPN FACTOP 31R

r-6 -I- i~vT. a i27?4. it, F P*A L-07 / AVG SOT i .22PP

I. l ')Lf.T ftwr 1tit Q 3, ubG F Fod L INLET PRESSUkE 72,9 PSIA
ht'.b L, At Id k'f It F k .149h*07 ETI../H0UR/AT? /CUSIC FCOT

-Al 00iijiE 7FpFIPATVA4f SURVEY ****
I; U~- j i.P !p ~T rp ILI 1E'P ID TEMP IL) TEM4P ID~ TEMP

1- 10 .. I* "I' 927. 1£ BE-! 24 1?33. 27 1051. 38 1274,
AL :2, 7 ]v-. 16 1,23. 21 f5. 2' 1077. 34 1131. 37 1261,1

I..LL :y . 1 7 7 9 ?2 917. 26 IP56. 35 1115. 39 llfV

LzF T 5-i 1i [ )'~_T 11+E Cr1,\1I'TVnNS *** RIGHT SIUE
T01 AL P~f SS!-t 43 .7 0 PSIA TOTAL FRESSURE 43,70, PSIA

ST4 T t 4 1 4 5 PSIA STATIC P~iSltJRk d3'.d0 P51*

VtLC11y C LTA . ? II. "E~CITY UELIA P "5 MG
Ali- TL! t.k.kTi.- ~ 20Q 'EG F Al" IEPPRATURL 299, D~EG F
AIP- d LW'jlrv 1 ;;6. 3 bV /C Ap. VEL r)OITY 123,31 FT/SEC
Ll- Urkt NT jAi_ Ri S k fCI.F.FT r-TUTAL)-(fkIGNT P-TOTAL) *.ap5 " 14G

Ajh FI ;W j, ATA; .: irs%N2 P.S 1A DELTA Pit 1,t)0 I "EG T..REFs 1017. OEG F

F'i .L F/ l rt t Ly s 0_z VOLL'f.TRIC FLO ' WAE 11.55 GAL/MR
5u 6 Ar a 1U~ F 1 pS7A F11L TEMF AT FIM 91. DFG F

' TSCtL(A1FEjL1S TkrANSIOhCER PEADINGS
STrCtJ A~t'qltL;' VTLET TIrTAL PRESNLURF 41,94D PSIA
L~~S u i i-Ir' CASE STATIC PRESSURF A2.72 PSIA (XOUCEk N 11)

tl~fr 'FIt q: ja. TQA1 PRLSSLUIWE 3,58 'HG CxOUCERi N 13)

* CWEWICAL ANALYSIS qkSULTS *
GAS SAMPLE-S TAKEN TN PLANE 01

C2 2.il' G2 1804 % cc 397,f! PPM CHX 35.0 PPM
4.2 p* N' Ntj 2 15,2 PPtM NOY 19.3 PPM tND(NDIR) + N02(NOUV)l
.,i PP. NLW 3.1 PPP NOW 9.I' PPh I CHEPILUMI1NESCENCE I

FVISSIUNS 1NUE0, Le/1l'O LS3 FUEL: Low 359 CmX8 4.99
Z1NLILLMINESCE,4Ct Noxv 1,34# NOIR + NDUV NOXE 2.87

CALCUJLATED FLLI./AIR RATIO FR~O1 CHEMICAL ANALYSIS. '899939
CALCULAiTML rCOmmISTION E.FFICIENCY FROM CHENICAL ANALYSISI 98,5322 %

CHECK ON F/.A RATIO- F/A x 0086 N/0 02. CALCULATED 02 w 14e168 X

SMOLKE INCEX: 2.18 Il
SALTZMAN NOY * 20
.0 ... a ......-..... f ....... ... w.--3...n.ff*

Figure 400. Final Modified Conventional Liner, Modification "B"
at Nonregenerative 10% Power - 0% Closed DZ.
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13 CI1PBU$Tt' ExeI ImkNTS - RIG e/U 7rb, TEST SERIES 85, READING 6 945
TSi MniIFIEO C0%VENTInNAL LINER, MOD "8, kUN AT STD T63 INLET CONDITIONS

TEST JATt : -1 -7d REAVINS IAS TAKEN AT 1324t52 HOURS

CYCI.L krOINT I vARiAbLE 6EOETRY 28 % ULOSED 10 % POWER SETTING

tttt EXPEkIMEKTAL CONUIIICNS ****

HUNCR 4I FLOA J,1 LB/SEC AVG PUPNER INLET TEMP 299, DEG F
AVC 60m'IE*R INLET PHtS 43.d PSIA AVG OIUPNER OL'TLET TEMP 1906. DEG F
AVLU MIJ Fk UELIA P 4.65 I' PREbSLJRE 14)SS 5m21 %OVERALL F/A YATIt .P1: g3 (F'/r) FUEL FLOI RATE 71.00 LB/HR

Alk LOAD FACTOR !1,450 PITTERK FACTOR 927397
80T mul SPUT: b 3A a 1212. DEG F PAX bOT / AVG BOT 1,1926
FUEL INLET TE kATL;RE Qj. DEG F FUEL INLET PRESSURE 72,6 PSIA
MEAT LUA6l1U PAiA'tTER *3h444E+'7 bTU/MODt/ATk/CUPIC POOT

. ** URNEW OUTLET TEMPERATURE SURVEY ****
1D TEPP 10 TEIP TO TEMP ID TEMP I TEMP ID TEMP ID TEMP

ANkIJLIh5 1 2 i0s1 . h 10 I5 1522, 19 915. 24 9 . 27 1035, 36 1199.
At-ULUS 2 4 1093. 7 lo56. 16 56. 21 879, 25 984. 34 t202. 37 1150.
ANNIILIJS 3 A 1:41b. 14 5R2, 17 777. 22 8 6, 26 P55. 35 1136. 39 1029.

LEFT $I& ** AIR INLET TUBE CONCITIONS *** RIGHT SIDE
TOTAL PRiSbURE 43,81 PSIA TOTAL FRtSSURE 43.84 P$IA
STATIC PRESSURk 4.,55 PSIA STATIC PRESSURE 43,60 PSIA
VELOCIrY UELTA F .53 "HG VELOCITY DELTA P ,49 "MG
AIR TEERATLJRE 199. DEG F AIR TEPPERATURE 299, DE F
AIj VELOCITY 1&4,90 FT/SEC AIR vELOCITY 119.94 FT/SEC

-OIFFERknTIAL PPFSSUPEt LCLEFT P-TOTAL)w(RIGMT P-TOTAL)] -.67 'MG

AIR FL6 nATA: P-REFm 10.2 PSIA DELTA Ps 1,56 "MG TmREFe 105, DEG F

FUEL SYSTEM DATAI
FUEL F/m FRE,IUEKCY 265, HZ VOLUMETRIC FLOw RATE 11,55 GAL/HR
FUEL PRES OSRE AT F/m 29. 2 PSIA FUEL TEMP AT F/M 89, DEG F

MISCELLANEOUS TRANSDUCER READINGS **
MANIFOLD AVERAGE 8uRNE OUTLET TCTAL. PES6uRE 41,54 PSIA
COM4USTOR OUTER CASE STATIC PRESSURE 42,56 PSIA CXDUCER 0 11)
BUKNER OIFFEwENTIAL TOTAL PRESSURE 4,61 "MG (XDUCER N 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE #1

C02 1985 % 07 18.250 % CO 40W,6 PPM CMX 2e0. PPM
NO 7,0 PPm 11.0 PPM NOX 18,0 PPM (NO(NOIR) # NOR(NDUV)3
No 10,( PPM N02 11,6 PPM NOX 21,6 PPM ( CHEMILUMINESCENCE 3
EmTSSIONS INDEX, L/1000 LB FUELI CON 35.83 CHE 2,82

CHtMILUMINESCENCE NOXI 3,17, NOIR * NDUV NOWS 2.65

CALCULATED FUEL/AIR RATIO FROP CHEMICAL ANALYSISI 3100703
CALCULATE COM0USTION EFFICIENCY FRCM CHEMICAL ANALYSISI 98J7470

CHECK ON F/A RATIOn F/A a 00A725 N/O 02, CALCULATED 02 4 18.2c1 X

SM04b INDeX, 13.01
SALTZMAN NUX "20. PPM

Figure 399. Final Modified Conventional Liner, Modification "B"

at Nonregenerarive 10% Power - 28% Closed DZ.
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T 1 CUr'tjiLjSTO, Pk )Tt, .' - PIL El/U 7P, Tt 5 SERIES 65, READING 0 947
ro. ',;IIIF.i C0Nvk,%TIfn-AL LINtIQ t Rp L "5" RIN AT ,TO T63 INLET CONDITIONS
TE5f ( 3. : A-It.1 REALING hAS TAKEN AT 1410123 HOURS

CYCLE POINT 1 VR14dLE GECMTE'RY 50 X LLCSED 10 % POWER SETTING

ELXPERIM'ENTAL CGN(OI1TCN$***
Hl'Jjk.i AIR FLO' 1,841 LB/StC AV. kUkNkR INLET TEMP 299, DEG F
AVo buE.R I Fli1 P..S 43.7 PSTA AVG IJINER UUTLF.T TEMP 1021, DES F
AVG ilu~jqLR f.FLT.. ' o.23 "I-G PRESSURE LOSS 7e0; %
UVtdALL F/A iAT1C J1'1Q1 (Ff1) FUEL FLOh RA'E 72931 LO/Hk
All, LOA') "ArTUw 1,1697 PATTERN FACTOR .17979
ti Li H T (I T 5P0 : e4 . 11 10 IOhG F mAX tOT / AVG BOT 1,1271
FUtL INLET TEmP.aTuRE 14. fOEG F FUEL INLLT PRESSURE 72.p PSIA
ir: IP , P4 Ar1-TFW .35871F+ 7 bTL,/mfI.k/ATP./CUAIC FOOT

.*** bURNER OUTLET TEPFeRATURE SURVEY ****
T0 TE '  III TE1P if, TrEmP ID TELP IU TEMP 10 TEMP ID TEMP

ANiJL]S 1 2 S 6 i 1116, 5 996. 19 984. 24 1R44. 27 1OYi, 36 1150,
ANNIiLUS 2 d 1!17. 7 10,9 16 9.7. 21 930, 25 1036, 34 1e4ge 37 1123.
AN?.UILIS ! 14 139 14 821. 17 016. 22 924. 26 995, 35 1004, 39 1056.

LEFT SIOW **A AIR 1NLET TUBE COhNJTTIOKS *** RIGHT SIDE
TOTAL REbSu4F a.3b9 PSIA Trl1AL PRESSURE 43,71 PSIA
STATIC PkESSIF 4,4.3 PSIA STATIC PRESSURE 43,44 P3IA
vEL.OCITY lEL.rA F .54 "MG VELOCITY DELTA P .56 "GH
Atk Tt.PERATLIR. 2Q9. VEG F AIR TEMPERATL'RE 299. DEG F
A11 vkLUCITY 126,21 FT/$EC AIR VELOCITY 127.94 FT/SEC
fnIFFEtNTIAL PPFSSUR! [(LEFT P-TOTAL).(kIGHT P-TOTAL)1 -.0]37 "HG

Af'i FL.Oy I)A13 P-REFz 105.2 PSIA .',ELTA Ps 1,59 "IHG T-REF 105, DEG F

FUFL SYSTEH OATA:
FUEL F/M FkFUUEir;y 268, HZ VOLUMETRIC FLOW RATE 11,66 GAL/MR
FUEL PRESSUPF AT F/V. 260I.2 PSIA FUl-L TEMP AT F/M 93, DEG F

w* MISCELLANEOUS TRANSDuCER READING$ *
MANIFOLO AVERAGE BUPNER OUTLET TOTAL PRESSURE 40.64 PSIA
COM4qUSTok OUTER CASE STATIC PRESSURE 42.14 PSIA (XDUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 5,21 "MG (XOUCER 6 13)

* CHEMICAL ANALYSIS RESULTS *

GAS SAMPLES TAKEN IN PLANE #1
CO02 2,17 % 02 17,.900 CO 717,8 PPM CHX 15,1 PPM
NO 5.,6 PPM NL2, 12,3 PPM NOX 17,9 PPM INO(NOIR) 4 N02(NDUV)3
N., 7,7 PPH hl,: 1,O PPM NC.X 8,7 PPM ( CHEMILUMINESCENCE I

EV'ISSIONS INI)FX., LI/1V 0 LB FUEL S Cox 64.31 CMXm 2,14
CI-EMILUMINESCENCE NOXm 2.27, NOIR + NDUV NOXe 2,04

CALCULATED FLEL/AIR RATIO FROr CHEMICAL ANALYSISI .111495
CALCULATED COMBtUSTION EFFICIENCY FROM CMEMICAL ANALYSISI 90,2378 K

CHECK ON F/A kATIO- F/A a 0P1P44 W/o 02, CALCULATED 02 a 18023 X

SMOKE INDtX: I bS/
SALTZMAN NOX a 19.2 PPM

Figure 401. Final Modified Conventional ILiner, Modification "B"

at Nonregenerative 10% Power - 50% Closed DZ.
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T83 CUM6USTO4 EUPERIPENTS . RIG B/U 7F, TEST SERIES 85, RCADING f 948
T83 MOOIFIEf CONVENTIONAL LINER, MCD "8" RUN AT STO T63 INLET CONDITIONS
TEST nATEZ 0-16-7P READING WAS TAKEN AT 1522115 HOURS

CYCLt POINT 6 VARIABLE GEOMETRY 28 1 CLOSED 25 X POWER SETTING

EXPERIMENTAL CONJ1T!ONS ****
BURNER Alk FLOw 2.24 LB/SEC AVC B;RNER INLET TEMP 353, DEG F
AVG OLIRNER INLET PRES 54.8 PS7A AVC BURNER OUTLET TEMP 1149, DEG F
AVG SURNER DELTA P 5,47 "G PRESSURE LOSS 4,90 %
UVERALL F/A RArIU ,V1?22 (F/P) FUEL FLOW RATE 96,97 LB/MR
AIR LOAD FACTOR 1,1463 PATTERN FACTOR ,33409
BOT HOT SPOT: 4 34 a 1414. DEG F MAX BOT / AVG DOT 1.2313
FUEL INLET TEMPtHATURE 97, DEG F FUEL INLET PRESSURE 111.0 P51A
MEAT LUACING PANAMkTER *38348E.27 BTU/HVUk/ATM/CU8IC FOOT

**** BURNER OUTLET lEMPERATURE SURVEY a,,,
ID TEPP IU TEMP ID TEMP ID 1EP IO TEMP ID TEMP ID TEMP

ANNULUS 1 2 1214, 6 1231, 15 1117, 19 999. 24 107m. 27 1176, 38 1371e
ANNULUS 2 4 11gR, 7 1221. 16 153o 21 964, 25 1167, 34 14. 37 1328
ANNULUS Z 5 1179. 14 979, 17 $58, 22 977, 28 1089, 35 1337, 39 1201,

LEFT SIDE ** AIR INLET TUBE CONDITIONS aa, RIGHT SIDE
TOT4L PRESSURE 54,81 PSIA TOTAL PRESSURE 54,83 PS1A
STATIC PRESSURE b4,52 PSIA STATIC PRESSURE 54.47 PSIA
VELOCITY DELTA P ,60 1:4 VFLOCITY DELTA P ,72 "MG
AIR TEMPERATURE 333. DEG F AIR TEMPERATURE 353, DEG F
AIR VELOCITY 123.01 FT/SEC AIR VELOCITY 1J4,59 FT/SEC

OIFFERENTIAL PRESSURES ((LEFT P-TOTAL)-(kIGMT P-TOTAL13 0,030 "HG

AIR FLOO DATA: P-REFN 104,0 PSIA DELTA Pe 2.31 "HG T-REFa 105, DEG F

FUEL SYSTEM ATAS
FUEL F/M FREQUENCY 319, MZ VOLUMETRIC FLOW RATE 15 69 GAL/MR
FUEL PRESSURE AT F&- 30,. PSIA FOEL TEMP AT F/H 98. DEG F

mISCELL^NEOUS TRANSDUCER READINGS *4
MANIFOLD AVERAGE bURNER OUTLET TOTAL PRESSURE 52,13 P$IA
COM4USTOR OUTER CASE STATIC PRESSURE 53,2 PSIA (XOUCER f 11)
BURNER nIFPERENTIAL TOTAL PRESSURE 5,48 "HM (XOUCER f 13)

a CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE #1

C02 2.107 Y 02 1.400 2 CO 216,4 PPM CmX 5,0 PPM
NO 14,1 PPM N02 8,5 PPM NOX 22. PPM (NO(NOIR) + N02(NOUV)3
NO 17,1 PPM 02 I5 PPM NOX 17,0 PPM ( CHEMILUMINESCENCE 3
EMISSIONS INODE, LB/1000 LS FUEL: CON 17.33 CMX. .63

CHEMILUMINESCENCE NOXm 2,31, NOIR + NDUV NOX 2,97

CALCULATED FUEL/AIR RATIO FROM CHEPICAL ANALYSISI 1911859
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 904373 1

CHECK ON F/A RATIO- F/A a 0810192 W/O 02, CALCULATED 02 5 16,041 2

SMOKE INDEX: 13.62
SALTZMAN NOX 8 28.z PPM

Figure 402. Final Modified Conventional Liner, Modification "B"

at Nonregenerative 25% Power - 28% Closed DZ.
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TS3 COMMUSTOp t IE.Ti - RIC B/t' 7g, TEST SERIES 85, READING 4 949
T63 MODIHIkO C VtTIOI.AL LINER# MOO "B" RUN AT STD T63 :NLET CONdiT!CNS
TkST JATti A-16-72 kFADING hAS TAKFN AT 1542t'e HOURS
CYCLt POINT 6 VAqiAdLE GEOU.ETRY 57 % CLGSF) 25 % POWER SETTING

EXPEPIMEWTAL CONUITIONS *w*,,
BUPNk AIR FLU4 2.23d LO/btC AVG EURNER INLET TEMP 353, DEG FAVG MUWNFQ INLET 0t5 55.3 PSIA AVG BURNER OUTLET TEMP 1161. DEG F
AVG 8LIRNEW OELTA P 7,53 "IhG PRESSURE LOSS 5.69 2
CVERALL F/A PArlu j1205 (F/P) FUEL FLOh RATE 9$03 LB/MR
Al LOAD FACTOR 1.1517 PATTERK FACTOR 1890,1
drT HnT SPCT: V 56 a 1314. DEG F MAX bOT / AVG BOT 1.1315
FUtL INLET TE!MAL.ATtRk 4P, DEG F FUEL IHLET PRESSURE 110.1 PS&A
MEAT LUArTtG PARAmETeR .37987 .v7 BTU/MOUP/ATM/CU8IC FOOT

**** PURNIER OUTLET TEPPERATURE SURVEY ****
ID TEPP lu TE4p IO TEMP IL TEMP ID TEMP I TEMP ID TEMPANNULUS 1 2 127, 6 1284. 15 1112, 19 1096, 24 1177, 27 1228. 36 1314,ANNJLUS 4 1f1. 7 1263, 16 1P6 .21 1045. 25 1173. 34 1230. 37 1297.

ANN'ILUS 3 5 lI1S, 14 Q'6, 17 9S5, 22 137, 26 1135. 35 1194. 39 1217,

LEFT SIDE -A * AIR INLET TUBE CONDITIONS *. RIGHT SIDETOTAL PRLSSY& 55.29 PSIA TOTAL PRESSURE 55,34 PSIA
STATIC PRLSISUkE 55.2 PSIA STATIC PRESSURE 55.81 PSIAVELOCIIY-DrLTA P ,54 "HG VELOCITY DELTA P .67 "MG
AIR TEMPERATURE 354, OEG F AIR IEPPERATURE 353. DEG FAIR VELOCITY 116,13 FT/SEC AIR VELOCITY 129.57 PT/SEC
DIFFENENTIAL P);F5SUE: ((LEFT P-TOTAL)-(RIGMT P-TOTAL)3 -*1 7 "MG

AIR FLOW DATA: F-kkFa 144,1 PSIA DELTA Ps 2,37 "N T-REFm 10 DEG F

FUEL SYSTEM DATA:
FUEL F/M FREGUENCY 359. HZ VOLUMETRIC FLOW RATE 15.69 GAL/MRFUEL PkLSSLIRE AT F/P 30B.1 OSIA FUEL TEmP AT FIM 97. DEG F

,* MISCELLANEOUS TRANSDLiCER READINGS *
PANIOOLO AVERAGE BURNER OUTLET TnTAL PRESSLIRE 59161 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 53,53 PSIA CXOUCER 0 11)
BuRNER OIFFERENITIAL TOTAL PRESSURE 7,46 "MG (OUCER 4 15)

, CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 01

CO? P1352 % V2 15,700 X Co 365,6 PPM CMX 4.2 PPMNc' 9,1 PPM NG2 10.2 PPM NOW 19.3 PPM CNO(NOIR) 4 NO2CNOUV)l
NO 14,3 PPA i2 1.5 PPM NOW 15.6 PPM I CHEMILUMINESCENCE 3EMISIONS INQThX, Le/1VOP Ld FiEL 3 COs 29.71 Cmx@ .54

CMtMILUMINESCENCE NOX 2911, NOIR * NDUV NOQX 2,57

CAL ULATED FUEL/AIR RATIO FROP CHEMICAL ANALYSIS .812612
CALCULATED COM6uSTION FFFICIENCY FROM CHtMICAL ANALYSISI 9112216 %

CNELK ON FIA NATIO- FtA a .VtI1420 /O U2. CALCULATFO 02 a 17,603 X

SMOKE INDEX: 4,24
SALTZMAN NO, 24.( PPM

Figure 403. Final Modified Conventional Liner, Modification "B"

at Nonregenerative 25% Power - 50% Closed DZ.
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Tb3 COAUSTOR FXPEKIPENTS - RIG B/0 70, TEST SERIES 85, READING 4 950
b,3 4001FIEb C["NVtTI0NAL LINFk, POD "8" RUN AT $TO T63 INLET CONDITIONS
TEST VATE: ?1-F-72 READING WAS TAKEN AT 1002154 HOURS

CYCLt POINT 5 vARIARLE GEOrLTRY W6 X CLCSEO 40 % POWER SETTING

* XPERI?,ENTAL CONLITIONS
PURNtR AIR FLOK 2,554 LB/SEC AVG BUONER INLET TEMP 399, DEG F
AVG 8I1N04 INLET PkES 54, PSIA AVG BURNER OUTLET TEMP 1250. DEG F
AVG iUKNER DELTA P ,74 "HG PRESSURE LOSS 5.16 x
OVERALL F/A PATIO .91320 (F/) FUEL FLO* RATE 12137 LB/MR
AI LOAD FACTOR 1.1 Q7 PATTERN FACTOR .39323
dQT HOT SPOTI u 34 x 1593. DEG F MAX BOT / AVG BOT 1.2683
FULL INLtT TEMP wATLRh 9, OE99 F FUtL INLET PRESSURE 154.7 PSIA
OEAT LOADING PARAMETLk .41114E+V7 BTU/!OUR/ATM/CUBIC FOOT

**** bUoNEk OUTLET TEMPERATURE SURVEY ****

I T0EP 10 TEMP ID TEMP 1O TEMP ID TEMP ID TEMP I TEMP
ANNULUS 1 2 1329. b 1.346. 15 1218. 19 1095. 24 116A. 217 1280. 36 1507.
ANNILLIS 2 4 12;8. 7 1341. 16 1145. 21 1066, 25 1187. 34 1593. 37 1449.
ANNILLJS 3 5 1286. 14 1 2. 17 945, 22 1e62. P6 1183. 35 !477. 39 1316.

LEFT SIOE * * RIF INLET TUBE CONDITIONS **. RIGHT SDE
TOTAL PRESSURE 63. 5 PSIA TOTAL PRESSURE 64,13 PSIA
STATIC PRESSURE 63.60 PSIA STATIC PRESSURE 63,8 PSIA
VELOCITY DELTA P ,72 "HG VELOCITY DELTA P .71 "HG
AIR TEMPERATURE 399, DEG F AIR TEMPERATURE 399, DEG F
AIR VELOCITY 12d,36 FT/SEC Alk VELOCITY 127,48 FT/SEC
DIFFERENTIAL PRESSURE: ((LEFT P-TOTAL%-(kIGmT P-TOTAL) 0.165 "HG

AIR FLOW OATAI P-WEFN 1A3,3 PSIA DELTA Pm 3,13 "MG T-REFm 103, DEG F

FUEL SYSTEM OATAh
FUkL F/M FREQUENCY 449, NZ VOLUMETRIC FLOW RATE 19,66 GAL/HR
FUEL PRESSURE AT F/M 304.0 PSIA FUEL TEMP AT F/M 9, DEG F

** MISCELLANEOUS TRANSDUCER READINGS 'a
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 60,68 PSIA
COMOUSTGH OUTER CASE STATIC PRESSURE 61.99 PSIA (XOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 6,6 "M (KOUCER 0 13)

* CHEMICAL ANALYSIS RESULTS *
GAS SAMPLES TAKEN IN PLANE 01

C02 2.25 2 02 15.5 X CO 166.6 PPM cMx 2,3 PPM
NO 19.0 PPM N02 8.9 PPM NOX 27,6 PPM (NO(NOIR) * N02(NOUV)2
NO 23.6 PPM N(12 , PPM NOX 23,6 PPM t CMEMILUMINESCENCE I
EMISSIONS INDEX# LB/100 LB FUELI COm 12.38 CNXw .97

CMEMILUMINESCENCE NOX 2,80, NDIR + NOUV NOM' 3.46

CALCULATED FPEL/AIR RATIO FROM CHEMICAL ANALYSIS: .61199
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS1 99,6161 X

CMECK ON F/A RATIO- F/A 8 91962? W/O 02, CALCULATEO 02 5 17.016 X

SMOKE INDEXI 14,2!
SALTZMAN NOM a 32. PPM

Figure 404. Final Modified Conventional Liner. Modification "B"

at Nonregenerative 40% Power - 28% Closed DZ.
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163 COmrtSTk exPtKIMENTS - RIG B/U 70p TEST SERIES 85, READING A 951

T63 MOIFIk ) rE.Ii .v ..TI(NAL LINER, MOI) "n" RUN AT STD 763 INLET CONDITIONS
TtST I)ATt: 1-11-72 kEADING MAS TAKEN AT 1624138 HnURS

CYCLk POINT 5 vARIAbLE GtOMETRY 50 X CLCSED 49 % POWER SETTING

***** EYPERIMtNTAL CUNDITICNS **.,
OURNF64 Alk FLU.- 2.443 L8/SEC AV(- hUANEQ INLET TEMP 398, DEG F
AVG hL1Nt INLE't PkF.3 64.5 PSIA AVG OURNER OUTLET TEMP 1269, DEG F
AVG 140PII tWJL D.LrA P Q.?y "MG PkESSiJRE LOSS 713 %
OVRAALL F/A 4ATI) .il, (F/') FUEL FLOh RATE 12!,rg LB/HR
A 0 LOAO fAC rtP 1.1562 PATTERN FACTOR .1682

6OT HOT SPOT: i 3m a 1416. OE(, F MAx 801 / AvG BOT 1.11b5
FIJFL INLPT TEIPM qTURE 1$Q, DEG F FUEL INLET PRESSURE 153,9 PSIA
I-AT LQAUP 4 PAR mFTI- .41785F+97 BTL/OUk/ATM/CUBIC FOOT

**** fHURNR OJTLE1 TEMPERATUWk oUrVtY a*

Te Tk"P ID TE*4P 10 TEMP IC TEMP 10 TEMP I TEMP ID TEMP
ANNJLUS 1 2 1372. 6 1415, 15 121P, 19 1196, 24 1291. 27 1344, 36 1416,
ANNOULJS 2 4 1.5. 7 14 2, 16 1156, 21 1145, 25 1284. 34 1359, 37 1393,
AN'oJL'iS 3 S 13r*l. 14 945. 17 96d, 22 113 . 26 1243. 35 1337, 39 1316.

LI:FT 5I)E *** AIR INI.ET TUIBE CONDITIONS *** RIGHT SIDE
TOTAL PkESSLm 64,44 PSIA TOIAL PRESSURE 64.50 PSA
STATIC PktSSJRE 64,06 PSIA STATIC PRESSURt 64.15 PSIA
VELOCITY DELTA P .76 "G VELOCITY OELTA P '70 "MG

AIR TkMPERATIIRE 38. DEG F AIM IEPPERATURE 398, DEG F
AIR VELOCITY 130.75 FT/SFC AIR VELOCITY 125,75 FT/SEC
UIFFkkI.NTIAL PqSSSUF! ((LtFT P-TOTAI.)-(WIGHT P-TOTAL)) -. 12 "MG

ArN FLOO DATAI P- kkM 1A3.6 PSIA DELTA Pi 3,9 "HG ToREFO 192, DEG F

FU L SYSTEm D)ATA:
Fd0L F/N FrEuECY 44ci, M VOLUNETRIC FLOw RATE 19,66 GAL/HR
FUEL 0LSS It AT F 343, PSIA FUEL TFMP AT F/1 96. CE F

PISCtLLANhOUS TRANSDUCER REAOINGS **
PANIFOLD AVERAIe RuLWk OUTLET TOTAL PRESSURE 5gg PSIA
COqUSTOR OUTER CAbk STATIC PRESSURE 82,22 PSIA CXOUCER 0 11)
bUmNEN OIFFk4ENTIA TOTAL PRESSURE 9,22 "NG (XOUCER a 13)

" C4EMICAL ANALYSIS NESULTS *
GAS SAMPLES TAKEK IN PLANE #1

cop 2,!100 X V2 18.000 x CC 262.7 PPM CMX 2.6 PPM
U 199.P PRJN NU2 11,0 PPM NOW 30.0 PPM (NO(NOIR) * NOQ(NOUV)|

NO 21.6 PPM NO? ,a PPM NOW 22.3 PPM ( CHEMILUMINESCENCE I
EMISSIONS INDEX, L0tl/OI L8 FUELI COO 19.43 CMXI .33

CH0EILUmINESCENCE NOXU 2.71, NOIR * NOUV NO%@ 3.66

CALCULATED FUEL/AIR RATIO FROP CHEMICAL ANALYSISI 1170 g
CALCULATED CCMAUSTION EFFICIENCY FROM CHEMICAL ANALY$1$1 99.4869 1

CHECK ON F/A WAllO- F/A 8 .12470 Wo 02. CALCULATED 02 a 17.405

3MOK1E INDEX: .2
SALTZMAN NOW a 31.2 PRO

Figure 405. Final Modified Conventional Liner, Modificationi "B"
at Nonregenerative 40% Pnwer - 50% Closed DZ.
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Tb3 COm4uSTV EXPERIVENTS - RIG I/U 70, TEST SERIES 85, READING 4 952
TI- MO)IF It.) CII NVf TIONAL LINER, MOO "811 RUN AT STD T63 INLET CONDITIONS
TEST DATE: 8-16-72 READING WAS TAKEN AT 16451 2 HOURS

CYCLE PUINT 5 vARIA'LE GEOMETRY ( 1 CLOSED 40 % POWER SETTINGI**** EXPERIMEKTAL. CONPITICNS *e***

dUwONR AIP LD4 2.)5Q LB/SEC AVG BURNER INLET TEMP 397, DEG F
AVU otIkitMR INLFT PRS 04.6 PSIA AVG BURNER OUTLET TEMP 1304. DEG F
AvG bURNEW UELTA P 5,19 "MG PRESSURE LOSS 3,95 X
OVERALL F/A RATIO .1313 CPFI) FIEL FLOW RATE 120,9 LBVHR
AIk LOAO FACTOR 1.154A6 PATTERN tACTOR o22123
fnl mOT SPOT: n 37 a 1504. DEG F MAX BOT / AVG DOT 1.1539
FUFI. INLET TFMPLNATIJqE 10(, DEG F FUEL INLET PRESSURE 155.. PSIA
OEAT LOADIN(i PAWA!ETER ,40564E#07 ATU/HOUk/ATM/CUbIC FOOT

*.*o MINEW O'JTLET TEMPERATURE SURVEY *.o.
Ift TrI P lu TEMP IU TEMP ID TEMP ID TEMP ID TEMP ID TEMP

AI4N'JLtJb 1 9 1440, 6 1438, 15 1162, 19 1125, 24 1293, 27 1312, 36 1479,
ANNJLUS 2 4 13 14. 7 1389. 16 117. 21 1168, 25 1352. 34 1421, 37 1504,
ANN'ILUS 3 5 11W., 14 1LAA, 17 1P15, 22 1147, 26 1336, 35 1459, 39 1339,

LEJT SIUP AIR INLET TURE CONDITIONS *** RIGHT SIDE
TOTAL PRLSSU4E 64,65 PSIA TOTAL PRESSURE 64,64 PSIA
STATIC PWESSURt 64,29 PSIA STATIC PRESSURE 64,32 PSIA
VELOCTY DELTA P ,73 "MG VELOCITY DELTA P Sd HG
AIR TE MPRATIIk 3Q7, DFG F AIR TEMPERATURE 39?, DG F
AIM VELOC(IrY 127.90 FT/SEC AIR VELOCITY 126,23 FT/ISEC
OIFERtNTIAL PWt$SURt1 ((LEFT P-TOTAL)-CIGHT P-TOTAL)) .13 "MG

AIM FLOW DATAI e-qLtF 103,4 PSIA DELTA Pe 3a13 "HG T-REF@ 112o DEG F

FUFL SYSTEM DATA:
9UeL FIM FkEaUENCY 446, Mz VOLUMETRIC FLOW PATE 19,1 GALI/R
FUEL PRESSURE AT F/M 302,6 PSIA FUEL TEMP AT F/M tle 016 F

a. MISCELLANEOUS TRANSDUCER READINGS em
PANIFOLD AVLRASV BOtRNER OUTLET TOTAL PRESSURE 62,9 PSIA
COMBUSTOR OUTER CAbt STATIC PRESSURE 63.16 PIIA (XOUCER 0 11)
duRNEN O1FFERtN7IIL TOTAL PRESSURE 5,20 HMG (ODUCER 0 13)

* CHEMICAL ANALYSIS RESULTS
GAS SA4PLES TAKEN IN PLANE 01

C0P 2.411 X (P 12.000 Z CO 183,4 PPM CMW 12 PPM
N11 260 PPA NU2 t86 PPM NOX 30,6 PPM (NO(NOIR) 0 N02(DUV)1
NO 27b PPm N02 1,9 PPO NOX 29.5 PPM I CHEMILUMIN1SCENCE I
tSS1ONS INDEX# LtH/10w0 LB FUELS COD 13.66 C"Im Sao

LMEMILUMINESCENCE NOX4 3961# NOIR * NOUV NOES 4.43

CALCULATED FUEL/AIR RATIO FROP CHEPICAL ANALYSISt '1Oli2
CALCULATED COMRLSTION EFFICIENCY WRO CHEMICAL ANALYSIS 9.0m$13 1

CHECK ON F/A MATInm P/A a .611611 W/O 01, CALCULATED 01 a 117,11 X

SMOE INDEXI 3(,.307
SALTZMAN NUY " 4*0 PP

Figure 406. Final Modified Conventional Liner, Modification "B"
at Nonregenerative 40% Power - 0% Closed DZ.
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76.5 COM4USTok 00tIjmE.TS -IG ?/U 7p# TEST SERIES 85, WEADING~ 60 95

TEST LATE: 4-IN72 READJING biAS TAKEN AT 113 0 HOURS

Cy(Lt POINeT 4 \Ai~iAiLk GEO'IE7RY 28 X CL-SLO 55 1, POOER SETTING

*'*** EXPERIMENTAL CONVIT!C1S ***.
eUwNE AIR~ FI.O)w 2.759 LH/SEC AVG BURNER INLET TEMP 430., DES F
AV(; biIkNER joL iPwES 71.4i PSIA AVG BUkNkR OUTLET TEMP 1378, DEG F
AVL, ~rj1NER fitLr I 7.22 110,G PRESSURE L0SS 4.97 %
UVt4ALL F/A 40T10 001447 (F/P) FI1'FL FLOlm RATE 143,72 L6/HR
AI'q LOAD FACTOR~ 1,1514 PAIlR P ACTOR g42959
dC~1 fl SPOT: 3 A4i a 1785. L)EG F MAX bn1 I AVG DOT 1.2955
O~t INLET TEMP RATIRF 112. OEG F FUtL INLET PRESSURE 262.3 PSIA
OLAT Lkj4DING PAkAV'bTIkR .43En01Eei7 BTU/NOURIATP/CtIAIC FOOT

m*.~UbW.iER OUTLET 7LMPLRATURI SURVEY '.
10 TE1P0 I0) TEMP iU TEMP ID TEMiP ID TEMP 10 TEMP ID TEMP

ANNULI.IS 1 2 14516. 6 1461. 15 1316, 19 1190, 24 1264. 27 1392, 36 1487.
ANNUL1IS 2 4 1429, 7 140"i. It 1236, 21 110I, 25 1314, 34 1765, 37 1607.
ANNUJLUS 3 5 14t'ti. 1' l~d7. 17 IvO6, 22 1147, 20 1383, 35 1656. 39 1426.

LEPT SIflE'* AIR INLET' TUBE Cr(tNPIT1QNS a.RIGHT SIDE
TCTAL POLSURE 71,40 PSIA TOTAL PRE3SURE 71.51 PSIA
STATIC PRESSURE 71108 PSIA STATIC PRESSURE 71.33 PSIA
VELOC11Y I)tLTA 1- '60 "O-G VELOCITY DELTA P '59 ONG
AIR TEPtAT110lE 430. DEG F A10 TEMPERATIJIE 430. DES F
AIW VELOCUTY 118.28 IFT/SEC AIR VELOCITY 111.20 PT/SEC
t)FFEPEN71AL P*SbiUhfl ((LEFT PpTO1AL).(hI6HT P-TOTAL)) 0.217 lima

AIR FLO*u jATAI P.NE~v Jd3.fl PSIA DELTA P9 3,64 PW6 TOWN~ go. 096 P

FUEtL 3YbTEM OATAI
FULL, FiM F')Lir Cy 533. 14Z VOLU14ETRIC FLOW RATE 33,33 GALINR
FUEL IPESSURE Ay F, 344,5 PSIA FUEL TEMP AT PIN 1ife 1)16 P

MISCLLLANkOUS TRANSDUCER READINGS *
PANIF'nLO AVbk1AGF AUYNER OUTLET TOTAL PRESSUJRE 67.01 PSIA
CopiqUsyok OijTeN r.Aso. STATIC PRtSSURE 69,42 P8IA (KOUCER * 11)
OU'4%tid DIFFE46NYZAL TOTAL PRESSURE 7.11 ONG (NOUCiRt 0 3

CHEMICAL ANALYSIS RESULTS
GAS SAMPLES TAKEN IN PLANE at

COP2 2.,303 C f2 13,WAO I N cc 154.7 PPM CMx 1.1 PPM
%C 2Vb PPM NU2 6.9 pp" Now 38.4 PPM1 (NOCNOIN) 0 NOO(NOWV3
%V~ 27,5~ OP4 KUP 1,9 PPM NOX 2905 PPA t CH9ILUMI"16tENC9
F4.ISAIONS INOEI LM/1I"4b1 LS FUEL$ COD 10,40 CHI& e23

CktP1LLIMIhFSCLNC1 NLiX8 alkat NDIR # NOUV NOXG 4.10

CALCULATED FLtL/AIR WAIG F40P CHEPZCAL ANALYSIS$ S40
CALCULATtU COPOUSr1OP, EFFICIENCY FRO' CHIMICAL ANALYSIS$ 99.0346 1

CMELK ON F/A WATIOm F/A a .11POS 010 02. CALCULATED 01 9 17,700 1

SMOKE INDEXt 244
SATMNNON 8#0 PPp

Figure 407. final Modified Conventional Liner, Modification "B"

at Nonregenerative 55% Power - 28% Closed DZ.

623



T63 Cflm4VST~re EkPt;6IFNT5 RIGI 81/0 701, IFS? SERIES 85, READING 0 954
TOSS M'OIFIEC; CI1)NVFN~TIjNAL LINER~, Monl "bl" kUN AT STD T63 INLET CONDITIONS
TEST OATe: -l6-7j? READING WAS TAKEN AT 1754140 HIOURS

CYCLe. PUINT 4 .ARIAtLE GEOMETR~Y 504 X CLOSED 55 2 POWiER SETTING

E.VEiRIMEPNTAi CONUITIONS
dURNEFk AIR FLO4 2,750 Lb/SEC AVG MIJRNER INLET TEMP 430, DEG F
AVG bURNER INLET RP&5?1 'I4 PSIA AVG 8URNER OUTLET TEMP 1397, DEG F
&V4 b1UR~Nt OF.LrA P IA,0,4 11MG PRESSURE LOSS 6.67 %
0VF.4A1.L F/A .4ATIO *01464 (F/P) FUtI. FLON RATE 144,89 LdjHR
AIR LOAD PACTU'R 1.1431 PATTERN FACTOR 918434
UOT HOT SPOTS 4 36~ a 1576. I)EG F MAX WIT / AVG DOT 1.1276
FUkL INIAET TMP~kAYURF JAI. O)LG F FUEL IKLLT PRESSURE 212,9 PSIA
HEAT LO'ADING; PAkAm IFR .437AOL407 8TU1MQUR/ATM/CUBIC FOOT

**e*41HNFR OUTLET TEMPER~ATURE SURVEY ****
I0 TEFP If) TEM4P 10 TEMP TO TEMP 10 TEMP ID TEMP 10 TEMP

ANNULUb 1 2 13C2. 6 13309 15 1313. 19 1313. 24 142aa 27 1486, 36 1576,
ANNULIJS 2 4 1523. 7 1524, 16 1261. 21 1257* 25 1426. 34 1541. 37 1556.
ArNULUS 3 b 441 14 1-466, 17 1031, 22 1242, 26 1370, 35 1906, 39 146.

LEFt SIOL.* AIR INLET TUBE Cf1NO1TIOPNS m.RIGOT SIOE
TOTAL PRhSSUWt 71.73 PSIA TOTAL PRESSURE 71,79 PSIA
STArIr bPMFSSuWE 71.32 PSIA STATIC PRESSURE 71,43 PSIA
VELOCITY OELTA ' 84 "11G VFLOCITY DELTA P .72 "MNG
AIR TEMPENATOW.E 431. DEG F AIR TEMPERATURE 439. 0(6 P
Alk VfLOCI'Y 1,12,79 FTISEC AIN VELOCITY 123,37 PT/SEC
CIFFEe4tNTIAL P'4ES~uWF.I ((LEFT P-TOTAL)"(NIGNT P*TI)TAL)) *911, *No

A41I FLOO (JAvAl k'QW 1AJ.1 P31A DEL1A Ps 3.59 *14G TOWS*l 95. 016 P

FUEL SYSTEM WAS
F0L iP10 F4EOUEFKCY W,37 1Z VOLUMETRIC PLOb WAE 23,55 GALO"*
FUEL VwE$30WF AT FP 347,1 PS1A IUkL TIMP AT P/M tell 096 F

0MISCELL&NF0US TRANSOUCEN *E&OtNGS a6
P'ANIOOLD AVEIAGt $LR'iE OUTLET TCTAL PRESSURE 6e6,63 PS1*
COASUSTON OUTE4 CASE STATIC PAEbSWAI 69018 PSIA CEOUCIN * 15)
6.juNIAE a)IFFER(EdfIAI TOTAL P4ESSURE 9.99 OPG (VOUjCER a 13)

aC"ENICAL. ANALYSIS "tSULVS
GAS SAM4PLES TAKEN IN PLA' *

C02 2.e68l V f4P 12.i00 '4 re, 161.3 PON CHI I'l Op"'
N~o 25.3 Pw, %02 q'7 Opp how 35.1 PPN 06OCNOIf) * NOICNOuV)1
'to 29.5 Pp' kC2 'q PPO kCv 29's PPN t CHMIILUPINESCINCE 3
E013SIONS IN~DEX# LO/1004 Lb FUELI CO. 12.15 CMIs *10

COMILUMINESCE4CE NO19 3.24. Not* 0 kouv "N@ 3,94

CALCULATED ftstLAIR 4ATIQ PROP CkEPICAL AhALYSIS, e$11134
CALCULATEU COMAQSTIOW WPFCIENCY FROM CkIMICAL ANALT1ISO 9966#40 1

CMECA 0hI 0/A RATIO- P/A a 4013445 0/0 OP, CALCUL09 Ot 00 17*014 1

4094 ad~ u Vz.I Pp.

Igure 408. Final Mcdifled Conventional Liner, Modification t"B"I

at Nonregenerative 55% Power - S0% Closed DZ.

b24



To3 COm"USIOW' txrMI'tNTS R IF, t/U 7V, TEST SERIES 051 REAGING N 955
T6.s MOU0 ItlI Cdh VtryjION AL L INEk, MOD "I " RUN~ AT S70 163 INLET CONDITIONS
TtST flATk3 8-1't-72 Wt&AL.4r hAS TAKFN AT 18341 :3 H'OURS

CtCft~ r;Jlt.T 3 Y41611 ctC'4ETIY 50 rLCS5f, 75 1 POWER~ S3TING

FxPFRb1tkTkL CCNI1ICN3 a*
bUQVJtA Alik FLU-i W,9 LB/SEC AVG 011N~tR IMLET TE~MP 073, DEG F
AV(; !)11'4r0 lKLr1 Oet S FiA.9 RS IA kV(G b'IA~tR O100J? TEM4P 1549, DEG. F
A46 00J-Nkk 01.0T4 0 I-e "),G PItSSUkE LOSS 6.56 1
Q~tWALL F/A '%&Tl It *t1-4 (F/1') F~LtL FLON RATE 177,71 LBFI4R
£jW Lt)&L F'Ac;TOiK 1.1307 P*1TtRN FACTOR .19960
h)l 040T SPriT1 9i 46 S 1764, DEG F MAX bOY / AVI, bOY 1.1369
F'J L INLty 1opeis'ow 14e fl6 F PUtL !KE 'm ..I5Uft 284.R PSIA
m LAr LIJA'INC. PAPT R5 .476baIE4F, kTkLMUR/ATP/CU81C FOOT

*,~. .~NAO1TLE1 YEO"tRA7URE SURVEY tot
11-T'~ T'I E U 1 EMP IU IL4P 1 (0 TEMP : Q TJ"P ID TgoMP

ANK'ILIjS 1 2 1 63 100 Ib% 1464. 19 1463. iA 1560. 27 1633. 36 1764.
ANkIjLU.4 2 .1 ISNA, 7 1646. .6 1397, 21 1408, 26 4563. 34 1716. 37 1738.

ANK1C~ 3 iil. .14 11113. 17 1125. 22 1372. 26 1517. 35 1665. 39 t6281

LEItY SIDE AN. £1 N Le Tujgt CokO1TIUNS so* RIGMY 3101
IC13L WFSS(tk 0Ai.94 PbjA TftlAi POILSSURE 66.05 P314
staT!z. fs o"1,'. PSI& STIIC PktSSURE 61,61 PI14
VtLU)City JJ.1 P '71 "IWG VFLUCIYY DELTA P .71 'NO
hIW l1oti'kkI 4?3*. fC AIN Trpi'PlIal 473. DEG P
4100 VELOCITY W1.56 FTIStC AIN V4LOcITV 116.46 FT/SEc
(ttqN IAL 004t SSU1t I ((t.01 ueTO1AL)-(kI.N PPTDTAL)) 0,d21 414G

SIR LO P I')I~AAlPc ;; 102.? PSIA DELTA fr0 4?2 046 7.REa 03. DEG F

*0 *'S~~t.L~UO5 YAkSDucl& IADINGS to
MPbkIF#iL £V04M GE etkp4tK qlUT.T ICTAL P,'IStAV6 75,63 PSI&
co,"AU3l100 0Lb1I CA5W STATIC 003~S.VVE YS.45 P12* ('ouCto a 11)
0uth OIFI.k%1I6L 10111 0PSSLS 14,60 6NE CIUCI# a 13)

GAS SA"PLt5 T&Kf~h I% 01.qsi NI
Cot .3.106 1 0. 1212#4 1 CO 131.3 VO cut to PON
Poo 35.1 Opp k(p 3,9 po hot 44J3 PP14 tNothoI)*j 0(hoUVII
ho 439,2 pp" krl 'a hox 9. PON ( CHIPZLUP2ISCM1C I
cpt5s1Oks IMOEI. LS11pp' LB PUIL: cot 7 C~ASS .

C~t#'ILJ4E$Ct:NCt 4O99 3.040 01ol* * mouv mole 4031

CALLULATFD IFqtL/at1l 40'10 FROP C"10lCAL AkAUTSIS1 .010186
CALCULAYED COR*L3110% 1001CIEkCV 7399 C0tNICAL *AALYSI6S 00.7030 I

C'~C~ " FA"1100 F/1 a 14654 "to Ot. CALCULATED 01 6 160*3 2

spoat 2'~utzi 1976
SALTZAN*I %0 0sOx PI

figure 409. final Modified Conventional Liner, Modification "B"
at Nonrelleneretive 75% Power - !S0% Closed DZ.
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T6,4 C11mtdUSTnW P'V~MkjLNS R IG i!/U 7?', Tt5T StIRIES 85 READING 0 5
Te3 ?n()'Itp C-S)1VEP-TIO1NAL LINE'P. MOD "LAO NUN AT S70 163 INLET COKDITIONS
1ERI nAT~l 8-IA-72 HEADING IoAS TAXEN AT 1059144 HOURS

CYCLE 0'0I'0 3 A;I'kLf GEUmEI1Y 2F X CLCSkD 75 14 POWER SETTIN4G

... EVI'E41HEPTAL CCNL-IIICNS*ae
bUN~ £11 FLO% i.001 LA/SEC AV6 bUktiER INLET TEMP 472. DEC F
AV~; bUWN&J IKLF1 Vi-'.ES A41.2 P51k AVG bURNNER OUTLET TF4P 1541, OEG F
AV (- t," I R Nt DILTA 1 .4e '4~ PRreSUNE LOSS 4,53 X
OvERALL F/A WAIQ P~11!w4 (F/10) FkUEL FLOw RATE 177.91 LU/1HR
&Ji FACTU .? 1177 TTERK- CTOR ,451)78
dLT Hil $PUT: 4 14 a W032. UI(, F MAX VOI AVG bOT 103163
FUEL INLET TEMPE'i1lhk V'5o Ut6( 1; P'lit IhLET PRESSURE 266,8 PSIA
OEAT L1JALING P~AAFITF11 .47dALAt.*'7 0TLi~rUN/DTP/CUIIIC FOOT

***0 diW%EW QLIJF FT PkkA7LRf SURVEY to*.
1In TE&P 14 r t, Itm 0I Tlr'4P 10 TENP ID TIPP ID TE14P

£tu512 1f%5 . 1 $ AF Ap. 1 147. IS 1267, 24 1413. 27 1546. 36 1693.
A 2UL"S 2 d 7 160i~o l 133l7. 21 1294. 25 1451. 34 2032. 37 1632.
ANIL~b 5 jk~j 14 12?41. 17 !lose 22 127i~. 26 1441. 35 1862. 39 1627.

LEO t qji't -. £71 INE TLbf C011CItIONS a. 'IGOT S1DE
TOIAL PNNtS~kt;h A1.2P P314 TOTAL 10RE3SURE 81123 PSA
ST~tIC PuS~ A1403 tibia STATIC PRESSURE s6.9l P514
VtL' ClT1 OkLTA m 16 v 01OCITY "ELTA P 6 10
61W lIp9A111)k 472, OtG F V k LII 'PtIWAURf 472. DEC F
LIII Vt~nfl1y 1*3.45 FI/SE Alk VELOCITY I1s.2f FT/SIC

UlfitlAIL ;-?51tb1 iLFF? P~yOAL) eh1C.HI P-TOTAL)) *..so ONG

&IN tLV% fl*T41 W*'4P* )i,f PSI& OULYA 0 4,28 xoG T*REP. 90 010 P

00tL S'SE' !&tAab
FLIL ~ ~VOLUPIT4I C FLO* *Aft 26.04 CiALtWi

F0 PNE$31.a. 01 F' pA~?. PSL putL iT'4O AT F/14 Its,00

PA'.rIULO &%#at~ 001kF1b OUTLET TCTA. PPItSi.v3 7?*55 pit&
LLP101to (N0fl. C66t 574TIC PRisuRIl 79.93 PSIA (ROUCIN a 11)

&1Vy(IN7h. fTAL ar~s~it Y,47 0"s (NOYCE* a 13)

*ktmIC&L A4ALYSIS WiSUiLYS a
GAS SAftPL&S ?4%tkI II PLASt All

Cp 2,654 11 r; I~.6dw I cc 1541? pp" CWX of OP
40~ 10. pop 11.# ItPs Oppkt 43.4 OPPI th(ko(N ! o 402(%OUv))
No0 .1i. Ofe, k2 1.9 OP 4ro 36.3 00" 1 CtHIILU"1kE6CtkC1I)
t1'3eS'51 !k~tl3, 1411VSA LO A'.tL1 CC* 9,14 C141 0 .0

C~tILLI~fC~wE ~ae .51 1014 * Ouv 4019 d,14

C*LL~i4 F~L/DSI ATIO P OP LMIPIC*L AhALYSI5U
CALCULAtto C0~kfL3T2~I IFFICI1.C, F11cp C14PICAL AftaLystil 00.,49 a

CMEC01 0% #/A 0u61*C. P/A 0 .*12122 h/0 02o CALCULATED 02 019~U6 1

IATZA. c~*S3-6

Figure 410. Final Modified Conventional Liner, Modification '"
at Ninaegenerative 75% P~ower - 201 Closed D)Z.
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TA3 CoUUSTUk EXFEkIMFNTS o RIU 8/u 7?, TEST SERIES 85# READING O 957
T)3 mn1UIpEO Cn0VtN1I0NAL LINER, MOD "" RIN AT STO T3 INLET CONDITIONS
TEST uATE: A-It-;p READING 1AS TAKEN AT 19271 7 HOURS

CYCkt POINT 2 VAWIA4tE GEOMETRY 50 1 CLOSED 1@0 2 POWER SETTING

ExPERIMEnTAL CONUITICNS
HBUNE AIR FL1,4 3,245 LBtStC AV6 bUIRNER INLET TEMP 523, DEG F
AVG DUKNER INLE1 PP S 92,4 PSIA AV4 bQrNER OUTLET TEMP 1782, OEG P
AV6 hLikNER DELTA r It.30 011,G PRESSURE LOSS 8.el
OvE4ALL F/A kATI0 .t'1 161 C / ) FiDL FLO* RATE 229. 9 LU/HR
AIR LOAO FACTL, 161005 PATIERK FACTOR ,20536
rOT HoT 5POT: a Z6 a 2041, DEG F MAX BOT / AVG DOT 1.1451
FUEL INLET TFmPEkAT!F 1.4P. CEG F FUEL INLET PRESSURE 439.2 P$IA
hEAT LOAOING PkAmETDR .53732E+07 BTU/HCUR/ATm/CUBIC FOOT

S*** HURNER OUTLET TEMFERATURE SuRVEY *,,
ID lthP I TEMIP IO TEMP IV lEMP 10 TEMP ID TEMP ID TEMP

ANN'LUS 1 2 1OV2. 6 1923. 15 1705, 19 1600. 24 1749. 27 1838. 36 2041.
ANN1JLIJS 2 4 )934. 7 194Q. 16 1617. 21 1621, 25 1750, 34 2035. 37 2035,
AkNiII.US 3 F 1m13, 14 1401, 17 1278, 22 1556, 26 172 . 35 1965. 39 1897.

,EFT SILo *L* AIR INLET TULE roNuITIONS *** RIGHT SIE
1OTAL PRESSUE &2.39 PSIA .010L PRESSURE 92.46 PSIA
STATIC PkLSSUk 91.97 PSA STATIC PRESSURE 92,01 P31A
VELnCITY DELTA P .85 "I'G VELUCI1Y DELTA P .92 "rHG
AIR TEMPERATURE 5?3o D0G F AIR TEMPERATURE 523. DEG F
Alm VELOCITY 123,41 FT/SfC AIR VELOCITY 128.45 FT/SEC
UIFrFRENTIAL PFEkSUkk: tULEFT P-TOIAL)-.RIGHT F-TOTAL)) -. 147 NG

AIR FLUI DATA: F-RtFs 102.2 PSIA DELTA Ps 5,1 "HG T-REFu 89, DEG F

FUEL SYSTEM OAT .
FUEL F/I FREQUENCY 859, O Z VOLjhETRIC FLOW RATE 47,31 GAL/MR
FUtL PKESS RE AT F/M b62,9 PSIA FUEL TEMP AT F/M 107, OE F

MISCELLANEOUS TRANSDUCEP f,'r1ING3 **
MANIFOLO AVEPAGE "URNEQ OUTLET TOTAL PRESSURE 86,87 PIA
cokousroR OUTER CASE STATIC PRESSURE 89.58 PSIA (XDUCER 0 11)
HURNER 0IFFERENTIAL TnTAL PRESSURE 11.23 "HG (XOUCER 0 13)

* CHEMICAL ANALYSIS RESULTS 0
GAS SAMPLES TAKEN IN PLANE 01

C02 3,574 0 02 11,600 X CO 97,4 PPM CHX '2 PPM
57,9 PPM NC 7.2 PPM kOX 65,1 PPM tNO(NOIR) * NOZCNOUV)]

NO 61.7 RPi NLU 2.0 PPP NnX 83,7 PPM I CHEMILUMINESCENCE I
EMISSIONS INOEx, tMk/1900 LF1 EU'EL: rfl 4.9@ CMx6 all

CI"EILUMINESCENCE NOXE 592be NDIR 4 NOUV NOXI 5.

rALCULATEO FUEL/AIR RATIO FROP CHEMICAL ANALYSIS1 .2146-
CALCULATED COmuSnIUh EFFiCIdNCY FROM CHLMICAL ANALYSI1 9906461 X

CHECK ON F/A RATIO F/A a *o17028 W/O 02. CALCULATED 02 8 16,514 X

SM04F. INDEX: 31.03
SALTZMAN NOX m 759 PPM

Figure 411. Final Modified Conventional Liner, Modification "B"
at Nonregenerative 100% Power - 5OXClosed DZ.
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TABLE LXXXVI. UIMISSION DATA OF FINAL DESIGN, MODIFIED CONVENTIONAL
COMBUSTOR LINER MODIFICATION "B" OPERATING AT T63
NONREGENERATIVE COMBUSTOR CONDITIONS

Dilution Zone Varible Cycle Point

Geometry Setting 1 6 5 4 3 2

0% Closed

Co, (ppm) 397.0 183.4

C H ,(ppm) 35.0 2.2
x y
NO, (NDIR & ,\IUV) (ppm) 19.3 36.6

NO, (CL) (ppm) 9.0 29.5

NOx, (Saltzman) (ppm) 20.2 43.0

Smoke Index 22.8 36.4

28% Closed

CO, (ppm) 400.6 216.4 166.8 154.7 154.7

C xH y, (ppm) 20.0 5.0 2.3 2.2 .8

NOx, (NDIR & NDUV) (ppm) 18.0 22.6 27.9 38.4 42.4

NO, (CL)(ppm) 21.6 17.6 23.6 29.5 36.3
NOx  (Saltzman),(ppm) 20.8 28.2 32.4 40.2 53.8

Smoke Index 13.0 13.6 14.3 24.2 38.1

SO% Closed

Co. (ppn) 717.8 365.9 262.7 181.3 131.3 97.4

C H ,(ppm) 15.2 4.2 2.8 1.7 .2 .2
x y

NOx, (NDIR & NDUV)(ppm) 17.9 19.3 30.0 35.1 44.0 65.1

NOx, (CI,)(ppm) 8.7 15.8 22.3 29.5 39.2 63.7

NOx, (Saltzman) (ppm) 19.2 24.6 31.2 42.1 52.5 75.9

Smoke Index 1.5 4.3 4.3 10.2 19.8 31.0
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1 0 Conventional Liner,

0 Extended-Length Liner

- - Modified Conventional
100 Mod. "B" Liner

0 0% Closed
-- -28% Closed90 50% Closed

0 -X Minimum Total
" " Emissions DZ Settings

30 -XConstant DZ Settings

CO 60 -

_

( 50

0

k 3 0

.. . -° _. . . . .- - - - I _ -
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0 10 20 30 4 50 60 70 80 90 .0
Percent Output Horsepow r

Figure 412. Nonregenerative T63-A-SA Combustor
Hydrocarbon Emission Data Comparison for Standard-
Length, Modified Conventional, Modificat ion "B"
Combustor and T63 Baseline Combustors.
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-0 Conventional Liner

0 Extended-Length Liner

Modified Conventional
Mod. "B" Liner

0 0% Closed

O 28% ClosedAZ 50% Closed

- E -X( Minimum Total e n
900 - Emissions DZ Settings900 -- -- ~X Constant DZ Settings

P__
-oo -. .. - - -... .. . F --

I

• . 500 .

oo -- -__ __., ,

0 -

300

200x

1071
0 10 20 30 40 50 60 70 80 90 200

Percent Output 1:,orsepower

Figure 413. Nonregenerative T63-A-SA Combustor
Carbon Monoxide Emission Data Comparison for
Standard-Length,Modified Conventional Modification "B"
Combustor and T63 Baseline Combustors.
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130 -
0 Conventional Liner

120 U Extended-Length Liner

iodified Conventional
110 Mod. "B" Liner

0 0% Closed
0O 28% Closed

100 -50% Closed
.X -4( Minimum Total -

Emissions DZ Settings
90 x---- Constant DZ Settings _4

7 0
cd +i

VI 6oI
I -_____I I _ ____.__--

,, _ / ----- *---i-

10 . .: . . . ...

0

0 i0 20 30 I o 50 60 70 80 90 100
Percent Output 14.irsepower

Figure 414. Nonregenerative T63-A-SA Combustor
Nitrogen Oxides Emission Data Comparison for
Standard-Length, Modified Conventional,
Modification "B" Combustor and T63 Baseline
Combus tors.
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nitrogen oxide concentrations for both 28% and 50% closed settings
were quite similar and well below the conventional combustor level.
Modification "B" reduced NOx by 20% over the duty cycle. The CO vs
NOx tradeoff curves in Figure 415 illustrate that both CO and NOx
concentrations have been reduced. A decrease in one emission has
not been obtained by simply changing the combustor operating condi-
tions to increase the other constituent.

The greatest effect of changes in the dilution geometry was obtained
in the smoke number readings; see Figure 416. Even though the air-
blast fuel injector greatly reduced the smoke, particulates were
increased by 25%, over the LOH duty cycle, when compared to the
original Conventional T63-A-SA baseline smoke measurements. When
compared to the second baseline retest smoke measurements, the
Modification "B" Final Modified Conventional reduced the smoke/
particulates by 73%.

The total mass emissions for the "Final Design Modified Conventional
Modification "B" Combustor Liner," was 51% below the total emissions
from the Conventional T63-A-SA combustor liner. A summary of the
emission perfoinano- for each configuration of the Modified Conven-
tional combustor liner is given in Table LXXXVII. Even though
Modification "B" did not produce the total reduction of the initial
design, it was able to reduce hydrocarbons, carbon monoxide, and
nitrogen oxide simultaneously.

Summaries of the exhaust temperature profiles for the Conventional
T63 combustor liner, the Extended-Length combustor liner, and the
Final Modified Conventional Modification "B" combustor liner are
compared in Table LXXXVIII and Figure 417. The temperature profile
for the 50% closed geometry setting was the best of the Final Com-
bustors tested. Even at maximum power conditions, the worst profile
measured for the 50% closed setting, the Tmax/Tavg value was only
1.145.

Following the nonregenerative combustor conditions testing, the
Modified Conventional Modification "B" combustor liner was tested
at regenerative engine conditions. Four different dilution geometry
settings were used during these tests: 0%, 28%, 50%, and 71% closed.
The test data sheets for the fifteen data points taken are presented
in Figures 418 through 432. The emissions data from these operating
points are summarized in Table LXXXIX. Using variable geometry,
the Modification "B" combustor liner was able to maintain carbon
monoxide at 80.8 ppm at idle and to limit the nitrogen oxide pro-
duction to /8.1 ppm at takeoff power conditions. A comparison of
LOH dut' cycle emissions for both the Conventional T63-A-SA and the
Modified Conventional Modification "B" combustor liner is given in
Table XC. The average cycle fuel-consumption rate for a nonregen-
erative engine is 140.65 lb/hr, and for a regenerative engine the
fuel ratc i, 97 <i4 lb/hr. Therefore, on a total mass basis, the
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Carbon Monoxide VS Nitrogen Oxides Emission Date
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tional, Modification B Combus.or and T 3 Base-
line Combustors.

6Ai



34 I6

32 -7

30

28 / / ,,,__

/ 

S 2 6 - -1- - -.... ........

24 __....ii.. .... zm

'-_ --_' hZ7LZ"tiII

0Conventi:onalLie

'H1 odi fied Conventional

0

o 1 --- -- 0% Closed
2 ___% 28% Closed

8 / Z 50% Closed
)(X------ Minimum Total

.......- 7-'"Emissions DZ Settingsl

-4-

- -... Constant DZ Settlrngu
18

0 10 2.030 E n 50 60 -70 80 90 100
Percent Output iHorsepower ,
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and T6M Baseline ComdusLors.
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TABLE LXXXVII. EMISSION INDEX SUMMARY FOR T63 BASELINE AND
FINAL MODIFIED CONVENTIONAL COMBUSTOI,'

Particu- Total
Combustor Tested CXHy Co NOX lates Emissions

EMISSION INDEX (lb /1000 lb fuel)

* Baseline 1.544 26.094 5.068 .239 32.945

* Final Modified
Conventional

Initial Design .161 6.878 S.970 .438 13.447

Modification "A" .500 15.966 4.499 3.471 24.436

Modification "B" .364 11.432 4.068 .298 16.162

RELATIVE EMISSION INDEX (%)

" Baseline 100 100 100 100 100

" Final Modified
Conventional

Initial Design 10 26 118 183 41

Modification "A" 32 61 87 1452 74

Modification "B" 24 44 80 125 119
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1.32 i _

-onventional Line
1.28 I IU Extended-Length Liner

II N
-i-

0 -- -"1~ i

0--

-U ..... -...- "

1 _ ",,, ~ ~ -I -- --- .., .....

Modified Coventional ,-.'. .
Mod. "B" Liner --

S0% Closed
.).C.~ --- " 0 28%Closed

A 50% Closed
X-. Minimum Total -

Emissions UZ SettInis .
-" ..-- K Constant UZ Settings I !

0 10 2 30 '40 5C " 7.~ W) 90 O
Perccri. Cu-.pur } c'. .-

igure 41.7. Nonregenerativ T63-A-SA Combustor
Temperature Profile Data Comparison for
Scandarl-Length, Modified Conventional,
odiffeation "B" Combustor and T63 Baseli.ne

Combus rors.
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T63 COMOUSTOR EXPERIMNTS - RIG B/U 70, TEST SERIES 6?, READING 0 961
T63 MODIFIED CONVENTIONAL LINER, MOD 0B" RUN REGEN T63 INLET CONDITIONS.
TEST OATEI 8.17-72 READING WAS TAKEN AT 1421329 HOURS

CYCLE POINT I VARIABLE GEOMETRY 0 x CLOSED 10 I POWER SETTING

ee*** EXPERIMENTAL CONO'TI4S **ees
BURNER AIR FLOW 1,763 Li/SEC AVG BURNER INLET TENP 569o 0EG F
AVG BURNER INLET PRES 43o7 PSIA AVG BURNER OUTLET TEMP 1107o DES F
AVG GURNER DELTA P 5.21 O"G PRESSURE LOSS 9,6 x
OVERALL F/A RATIO Post@ (F/) FUEL FLOW RATE 51,43 LB/MR
AIR LOAD FACTOR 1,3566 PATTERN ?ACTOR .34395
SOT NOT SPOTI a 36 v 1336. DES F MAX sOT I AVG sOT 1,1463
FUEL INLET TEMPERATURE 95, 0E6 F FUEL INLET PRESSURE 55.1 PiS
49AT LOADING PARAMETER 025534E*I? OTU/NOUR/ATICUSIC Poo

ese BURNER OUTLET TEMPERATURE SURVEY sees
I TEMP 10 TENP I TEMP 10 TEMP XO TEMP i TEMP t TEMP

ANNULUS 1 2 161, 6 1244o 15 1112o 10 180. 24 11330 17 103. 36 1336.
ANNULUS 2 4 120, 7 1252, 16 1696. 21 103. *5 1161, 34 1307, 3? 1361,
ANNULUS 3 5 1166. 14 1042. 17 1861o 2 197, 26 114A, 39 1122 39 1189.

LEFT $10 1eo AIR INLET TU01. CONODTIONS see 416? $le
TOTAL PRESSURE 43,65 PSIA TOTAL PRESSURE 43,6? PSIA
STATIC PRESSURE 43.31 P31A STATIC PRESSURE 43,33 P51A
VELOCITY 01,TA P 7ys 846 VELOCITY OELTA P Of6 ONG

AIR TE[IMRATURE 676, DES F All TiEPERATUIS 6669 DES F
All VL CITY 1409 FT/SEC AIR VILOCI'? 175951 T/SEC

OPIFRtNTIAI PRESSURES M(LEFT PeTOTAL)e(RIGMT P-TOTAL)l *,#13 *em

I1 FLO OATAi PeMe 164e* PSI& OELTA So 1.47 '$ t-!IFe 1W6. Or$ F

FUE. IYSTEM OATA-
PUEL Fin paEOJuECY 11 "I VOLU4ETRIC PUO RATE 6o3l GALI/E
FUEL PRESSURE it ?1" 16,1 si& FUEL ToP At Fi 954 Ots V

s, NI1CILLANIOUS TRANSOUCERtl UtImSS 90
"AIFOLO AVIRAE SUMINE$ OUTLET TOTAL PRESSURE 41.16 Plta
CONIUSTOR OUTER CASE STATIC PRESSURE 41.15 PSil (OUCEt a 11)
SURNI$ OIPFERENTIAL TOTAL PISSURE Se11 ONG (WOUCtl a 131

0 CHEMICAL ANALYSIS RESULTS '

$AS SAMPLES lTE IN PkANE at
tot 1.5,6 1 01 s50 I CID 4404 PP CMI 1.I PP"
NO 1iot PPM NO S,1 PPr %O 31,3 PPN iNO(OIR) * MOR(MOUV)1

's .6 P "aist it Pon 4OV @6 PPn I CMENILUISIutscanCE 1
EMISSIONS ImOll. L11099L FUILI COO #,?I C"I .13

CMINILVUINECEmc WOle ,$so %oil # NOUV mOla Sl$

CALCUIATto F9UIVAIR RATIO PlOM CNIMICAL 4ANALliSS ,I7l
CALCULAITO CONUSTION VPICI CT PtO CMINRCAL ANALYSISI 9#1146 1

CHECK ON P/A RATIO* PIA 9 ,I06I0 Gi e 0t CALCULATED Oi *l1,ll £

smNOe toaasI 714
SALTZMAN was a 30.0PO

Figure 418. Final Modified Conventional Liner, Modification "B"

at Regenerative 10% Pcwer - 0% Closed DZ.
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T63 COMOUSTOR EXPERIMENTS o RIG S/U 76, TEST SERIES 87t READING 0 962
T63 MODIFIED CONVENTIONAL LINER# MOD 08" RUN REGEW T63 INLET CONDITIONS,
TEST OAMh 817.72 READING WAS TAKEN AT 1A498 4 MOURS

CYCLE POINY I VARIABLE GEOMETRY 26 % CLOSED 19 1 POWFR SETTING

**e** EXPERIMENTAL CONDITIONS *0,9'

BURNER AIR FLOW 1,782 LB/SEC AVG BURNER INLET TEMP 668, DEG F
AVG BURNER INLET PRES 43,8 PSIA AVG BURNER OUTLET TEMP 116, 0EG F
AVG BURNEk DELTA P 6o40 "MG PRESSURE LOSS 7017 1
OVERALL F/A nTIO '86605 (F/N) FUEL FLOW RATE 51.61L#iNR
AtR LOAD FACTOR 1,3647 PATTERN FACTOR .35165
SOT HOT SPOTS a 34 a 1333. 016 F MAX SOT I AVG SOT 1.1491
FUEL INLET TEMPERATURE 181, 056 F FUEL INLET PRESSURE 54,8 PSIA
4EAT LOAING PARAMETER 4255191*67 OTUIMOUR/ATM/CUeIC FOOT

BURNER OUTLET TEMPERATURE SURVEY *...
10 TEMP ID TEMP I0 TEMP I0 TEMP 0 TEMP 1ID TEMP 10 TEMP

ANNULUS 1 2 1167. 6 1226e 15 1166. 19 1139. 24 1132, 27 1163. 36 139.
ANNULUS 2 4 1193. 7 1219, 1* 1125. 21 1168 25 1136, 34 1333. 37 1244.
ANNULUS 3 5 1154, 14 1157, 17 1323, It 1054. 26 11609 35 1219, 30 1137.

LEFT SIDE ... AIR INLF7 TUbE CONDITIONS teo RIGHT Sint
TOTAL PRESSURE 43044 PSA TOTAL PRESSURE 43,64 P3ik
STATIC PRES$URE 43,$5 P31A STATIC PRESURE 43,47 P$1A
VELOCITY OELTA P ,59 ONG VELOCITY DELTA P .74 'MG
AIR TEMPERATURE 660. OE F IR TEMPERATURE 666, DEG F
Al VELOCITY 161,*0 FTISEC Al VELOCITY 16.14 FT/EC
0IPFERENTIAL PRESSURES ((LEFT P-t0TAL)OCe(GMT PTOAL)I '07 ONG

AIR FLO" LATAI P-EFo 1d*$ P14 OZLTA Ps 1.50 6 T.REFm Is$, 0C F

FUEL SYSTIM 0AT&I
PUOL Ofm FRE*UIMCY 19f "t VOLUMTRIC FLOW ,ATE 0,30 GALINR
FUEL PRIsUne AT F/N 6351 PSIA FUEL tIPP AT Fi% $go OI5 F

MISCELLANEOUS TOANSOUCER REA0ING so
RANIFOLo AVIRAG SUn141 OUTLET TOTAL PtSIURE 4o,?$ PSIA

COmoUstOo OUTER CAll STATIC PRtsSURE 4#067 PSI& (IOUCE0 a 11)
uiql OIPFeRE |TIAL TOTAL PRESIU0E so& #W6 U1CEt a 131

C HEMICAL. AALT$IS ESULTs *
GAS SAMPLES TAKIN IN PLA1q &1

C0 looO 1 01 1#'734 1 Co 1040 PPM CHI 1,6 PP"
*O I.. PPN 1O 60 PPm 40 4368 PPM to(Note) * UOst"OUV))
NO to PpM 901 to PPm NOR .00 PPn t CtMEM "UMESCmCt I
ENISSIONS I40NE, Le/ts# LO FUEL$ Coo 1Wt.1 CNIs Of0

CREMILUAINIECCEl NOvo e 'OO0 014 0 NOUV mOn 5.1)

CALCULATMO FUEL/A14 0T: POM CINEIC&L ANALY$It .00?63a
CALCULTIO CO8USTIOU IFfICIE'CT PROM ChtnICAL 1iALYSISI 60.04 I

CmNC% IN F0A RAlto F/A . 0611 IO O, CALCUIATIO 02 1#V9,4 1

figure 419. Final 1kdified Conventional Liner, Modification "B"

at Regenerative I0% Power - 28% Closed DZ.
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T63 COMVUSTOR EXPERIMENTS - RIG BIU 70. TEST SERIES 87# READING 4 963
T63 MODIFIED CONVENTIONAL LINER, MOD B" RUN REGEN T63 INLET CONDITIONS.
TEST DATE$ 8-17-72 READING WAS TAKEN AT 1504138 HOURS

CYCLE POINT I VARIABLE GEOMETRY 53 X CLOSEO 10 Z POWER SETTING

*0000 EXPERIMENTAL CONDITIONS '**'

BURNER AIR FLOW 1.785 LB/SEC AVG BURNER INLET TEMP 667, OEG F
AVG BURNEe INLET PRES 43.6 PSIA AVG BURNER OUTLET TEMP 1162, DEG F
AVG BURNER DELTA P 9.07 "MG PRESSURE LOSS 13.22 2
OVERALL FiA RATIO .00802 (F/M) FUEL FLOW RATE 51.55 LB/HR
AIR LOAD FACTOR 1,3753 PATTERN FACTOR ,16240
SOT HOT SPOTI M 27 a 1242. DEG F MAX SOT / AVG SOT 1.1691
FUEL INLET TEMPERATURE 1I3, DEG F FUEL INLET PRESSURE 52,7 PSA
HEAT LOADING PARAMETER .25644E#07 BTU/MOUR/ATMICUBIC FOOT

"ot * BURNER OUTLET TEMPERATURE SURVEY 'e"

ID TEMP ID TEMP ID TEMP ID TEMP 10 TEMP ID TEMP ID TEMP
ANNULUS 1 2 1185, 6 1240, 15 1143. 19 1149. 24 129. 27 1242k 36 1241.
ANNULUS 2 4 1228. 7 1249. 16 1116. 21 1165. 25 1195. 34 1233. 37 1179.
ANNULUS 3 5 1164. 14 1017. 17 1027, 22 1101. 26 1159. 35 1122. 39 1117.

LEFT SIDE "' AIR INLET TUBE CONDITIONS "a RIGHT SIDE
TOTAL PRESSURE 43,56 P31A TOTAL PRESSURE 43.63 PSIA
STATIC PRESSURE 43,25 PSIA STATIC PRESSURE 43.26 PSIA
VELOCVtY DELTA P .62 "NG VELOCITY DELTA P .64 "HG

AIR TEMPERATURE 668, DEG F AIR TEMPERATURE 667, DEG F
AIR VELOCITY 165.58 F1/8EC AIR VELOCITY 167.53 FT/SEC
DIFFERENTIAL PRESSURES C(4EFT P-TOTAL)w(RIGHT P-TOTAL)2 *,@81 "HG

AIR FLOW OATAI P-REFm 184,7 PSA DELTA Pe 1,59 "MG T-REFw IP5s DEG F

FUEL SYSTEM DATA
FUEL F/M FREQUENCY 192. HZ VOLUMETRIC FLOW RATE 8*. GAL/HR
FUEL PRESSURE AT F/M 267,7 PSIA FUEL TEMP AT F/M is. OEv F

• MISCELLANEOUS TRANSDUCER READINGS-.
MANIFOLO AVERAGE BURNER OUTLET TOTAL PRESSURE 39.12 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 41,28 PSIA (XDUCER I 11)
BURNER I)IFFERENTIAL TOTAL PRESSURE 9,03 "HG (X.DUCER 0 14

• CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 01

C02 1.616 X 02 16,533 X CO 235.1 PPM CWX 1,3 PPM
NO 10,6 PPM N02 6.r PPM NOX 10:6 PPM tNO(NOIR) * 4O2CNOUV)|
NO 90 PPM N02 . PFM NOX .P PPM C CHEMILUMINESCENCE .1
EMISSIONS INDEX, L1186 LB FUELI CON 24,92 CmXm .25

CHEMILUMINESCENCE NOXO .0, NOIR * NDUV NOX@ 3,31

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI 07936
CALCULATED COHdUSTION gFFICIENCY FROM CHEMICAL ANALYSS; 99,3819 1

CHECK ON F/A RATIOP FIA 0 0307849 WiO 02, CALCULATED 02 1 19,733 I

SMOKE INOEX# 0.00
SALTZMAN NOX Z3.7 PPM

Figure 420. Final Modified Conventional Liner, Modification "S"

at Regenerative 10% Power - 50% Closed DZ.
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T63 COMBUSTOR EXPERIMENTS * RIG B/U 76, TEST SERIES 87 READING C 964
T63 MODIFIED CONVENTIONAL LINER. MOO 'B RUN REGEN T8. INLET CONDITIONS,
TEST OATES 8.17-72 READING WAS TAKEN AT 1532133 HOURS

CYCLE POINT 6 VARIABLE GEOMETRY 20 X CLOSED 25 2 POWER SETTING

.*.*. EXPERIMENTAL CONDITIONS *****
BURNER AIR FLOW 2.031 L8SEC AVG BURNER INLET TEMP 781, DEG F
AVG BURNER INLET PRES 56,4 PSA AVG BURNER OUTLET TERP 1237, DEG F
AVG BURNER DELTA P 7,48 OHG PRESSURE LOSS 7,29 Z
OVERALL F/A RATIO .my67e (F/N) FUEL FLOW RATE 63,57 LB/HR
AIR LOAD FACTOR 1,3717 PATTERN FACTOR .36256
SOT HOT SPOTS a 3A 0 14323 OE6 F MAX BOT / AVG SOT 1,1572
FUEL INLET TEMPERATUkE 104, DEG F FUEL INLE) PRESSURE 69,4 PSIA
HEAT LOADING PARAMETER *27325E*87 OTUIMOUR/ATM/CUSIC FOOT

• ***BURNER OUTLET TEMPERATURE SURVEY **a
ID TEMP 10 TEMP IC TEHP 10 TEMP 10 TEMP ID TEMP ID TEMP

ANNULUS 1 2 1243. 6 1293. 15 125*, 19 1181, 24 1210. 27 1279, 36 1365,
ANNUUS 2 4 1263, 7 1295. 16 1283, 21 113), 25 1213, 34 1432, 37 1314.
ANNULUS 3 5 1229. 14 1137, 17 16941 22 1123, 26 1192, 35 1318, 39 1191,

LEFT SIDE 'a. AIR INLET TUBE CONDITIONS *** RIGHT SIDE
TOTAL PRESSURE 50,43 PSIA TOTAL PRESSURE 56,44 'SIA
STATIC PRESSURE 59,94 PSIA STATIC PRESSURE 56,6 PSIA
VELOCITY OELTA P .79 W-4G VELOCITY DELTA P .79 NHG

AIR TEIIPERATURE 701. DEG F AIR TEMPERATURE 766. DEG F
AIR VELOCITY 176,20 FT/SEC AIR VELOCITY 175.15 FTtSEC
OIFFERFNTIAL PRESSUREI (CLEFT P-TOTAL)o(RIGHT P-TOTAL)) W,039 OHG

AIR FLOW DATAS PeREF 164e2 PSIA DELTA Pw 1.97 *MG TeRFF9 16, DEG F

FUEL SYSTEM DATA$
FUEL F/M FREQUENCY 237, HZ VOLUMETRIC FLOW RATE 16,32 GAL/HR
FUEL PRESSURE AT F/N 256,6 PSIA FUEL TEMP AT FO/ -162, DEG F

- MISCELLANEOUS TRANSDUCER READINGS a_
AANIFOLD AVERAGE RURNLH OUTLET TOTA PRESSURE 46,76 PSIA
COMBUsTO OUTER CASE STATIC PRESSURE 48,38 PSIA. (XOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 7,46 NHG (XOUCEP 0 13)

. CHEMICAL ANALYSIS RE3ULTS a
t' GAS SAMPLES TAKEN IN PLANE #I

C02 1,649 1 02 tasel x CO 73'6 PPM CHX top PPM
NO 25,3 PPM N02 7,2 PPM NOX 32,6 PPM tNO(NOIR) * NO2CNOUVI)
NO 09 PPX N02 j PPM NOX .6 PPM t CHEMILUMINESCENCE 3
EMISSIONS INOEX, LO/Ii LO VUIL COI 8,49 CNX6 a22

CHEMILMINESCENCE NOXI '660 NOIR * NDUV NOX5 s.66

CALCULATED FUELIAIR RATIO FROM CHEMICAL ANALYSISI '0.6021
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS$ 99,?38Y X

CHECK ON F/A RAfIO9 F/A ,687940 W/O 03. CALCULATED 02 ' 18697 X

SMOKE INDEXt 0.01
SALTZMAN NOX 3/5 PPM

F gure 421. Final Modified Conventional Liner, Modification "B"

at Regenerative 25% Power - 28% Closed DZ.
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T63 COMdUSTOR EXPERIMENTS - RIG 9/U Yet TEST SERIES $?a READING 4 965
T63 MODIFIED CONVENTIONAL LINER; MOD "B" RUN REGEN T63 INLET CONDITIONS,
TEST OATEI 8-17-72 READING WAS TAXON AT 1554141 HOURS

CYCLE POINT 6 VARIABLE GEOMETRY P I CLOSED 25 1 POWER SETTING

EXPERIMENTAL CONDITIONS "***
BURNER AIR FLIW 2,622 LB/SEC AVG BURNER INLET TEMP 766. DEG F
AVG BURNIR INLET PRES 50,7 PS1 AVG BURNER OUTLET TEMP 1251. DEG F

• AVS BURNER DELTA P 5,59 ONG PRESSURE LOSS 5.71 S
OVERALL FiA RATIO 81876 (riN) FUEL FLOW RATE 63,09 LB/HR
AIR LOAD FACTOR 1.3595 PATTERN FACTOR ,27336
SOT. NOT SROT - SP 36 u 1462, DEG F MAX SOT / AVG OT 1,1204
FUEL INLET TEMPERATURE L95, DEGJ.F FUEL INLET PRESSURE 70.7 PSIA
HEAT LOADING PARAMETER *2733IE*V7 BTU/HOUR/ATM/CUBIC FOOT

a***. BURNER OUTLET TEMPERATURE SURVEY ta'
1 T9MP 10 TEMP -I0 TEMP ID TEMP ID TEMP I0 TEMP 10 TEMP

ANNULUS 1- 2 1265. 8 1349,-15 1195, 9 1165. 24 1238, 27 1299, 36 1402.
ANNULUS 2 4 .1273. 7 1342. 16 1186 2i 1152. 25 1259. 34 1373. 37 1364,
A4NULUS 5 1255, 14 1127, 17 1091. 22 1143, 26 1247. 35 1297. 39 1249.

LEFT STIE a., AIR INLET TUBE CONDITIONS "a RIGHT SIDE
IOTAL P ESNURE 59465 PSA TOTAL PRESSURE 58,66 PSIA
STATIC PRESSURE 56,25 PSIA STATIC PRESSURE 59,24 PSIA
VELOCITY DELTA P '01 UmG VEOCITY DELTA P '86 ONG
AIR 1TEMPERAT"4R 70. DEG F AIR TEMPERATURE 760, DEG F
AIR VELOCITY 178,67-FT/SEC AIR VELOCITY 182.78 FT/SEC
DIFFERENTIAL PRESSURE# (C4Y-T P.TOTAL).(RIGMT P-TOTAL)) -.319 'HG

AIR FLOW DATA$ P-REFm 104.1 PSIA DELTA Pu 1.95 "HG TmREFs 106o DEG F

FUEL -YSTEM DATAI-
FUEL F/H FREQUENCY 238, HZ VOLUMETRIC FLOW RATE 10,8 GAL/HR
FUEL PRESSURE AT F/M 329.1 PSIA FUEL TEMP AT F/M 103, DEG F

'* MISCELLANEOUS TRANSDUCER READINGS *.
MANIFOLD AVERc-E BURNER OUTLET TOTAL PRESSURE 47,76 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 48072 PSIA (XDUCER 0 11)
BURNER OIFFERENTIAL TOTAL PRESSURE 5o68 'HG (XDUCER 0 13)

a CHEMICAL ANALYSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 41

COt ,?21 K 02 18,569 X CO 6.3 PPM CNX l. PPM
IVO 20 1-PPM N02 1,1 PPM NOX 36, PPM tNO(NOIR) * N02(NOUV))
NO AS PPM N02 I1 PPM NOX s9 PPM t CHEMILUMINESCENCE I

* EMISSIONS INOEX, 0B/loS LB FUELI COW F,49 CMX§ .18
CHEMILUMINESCENCE NOXP IM3, NOIR a NDUV NOX0 62

CN.CULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSSI .008321
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS$ 997739

CHECK ON FIA RATIOe F/A 6 e9@8253 W/O 02. CA4LCULATED 02 1 180598 K

SMOKE zIOEXi 3.27
SALTZMAN NOX N 39.3 PPM

Figure 422. Final Modified Conventional Liner, Modification "B",
at Regenerative 25% Power - 0% Closed DZ.
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T63 COMBUSTOR EXPERIMENTS R RIG B/U 78, TEST SERIES 87, READING i 966T63 MODIFIED CONVENTIONAL LINER, MOO "B RUN REGEN T63 INLET CONDITIONS,TEST DATEI 6-17s72 READING WAS TAXER AT 1616,42 HOURS

. CYCLE POINT 5 VARIABLE GEOMETRY 9 % CLOSED 49 1 POWER SETTING
***** EXPERIMENTAw CONDITIONS ****

.BURNER AIN FLOW 2,406 LB/SEC AVG BURNER INLET TEMP 716, DEG F
AVG BURNER INLET PRES 66,1 PSIA AVG BURNER OUTLET TEMP 1319. DEG FAVG BURNER DELTA P 7,12 ".MG PRESURE LOSS 5,74 xOVERALL FIA RATIO '8951 (F/N) FUEL FLOW RATE 82.44 LSB/HRAIR ICOAO.FACTOR 1.3742 PATTERN FACTOR .28642SOT HOT SPOTY t U 36 1.,492. DEG F MAX SOT / AVG SOT 1,1308- * FUEL INLET TEMPERATURE ..1O7, 1 EG F FUEL INLET PRESSURE 97,8 PSIAHEAT LOADING PARAMETER ,29740E*07 STU/HOUR/ATM/CUBIC FOOT

'** BURNER OUTLET TEMPERATURE SURVEY a."
10 TEMP I0 TEMPID TEMP ID TEMP ID TEMP I0-TEMP ID TEMPANNULUS 1 2 1340, 6 146, 15 1258, 19 1213, 24 1298, 2T 1356, 36 1492,

ANNULUS 2 4 1344, 7 1412. 16 1246, 2-1 1266, 25 1318. 34 1455, 37 1461,
ANNULUS 3 5 1336, 14 1198.. 17 1138, 22 1193, 26 131, 35 1413. 39 1332.
I.EFT SIDE a.' AIR INLET TUBE CONDITIONS a'. RIGHT SIDETOTAL PRESSURE 68,86 PSIA TOTAL PRESSURE 60.12 PilASTATIC PRESSURE 59.61 PSIA STATIC PRESSURE 59.64 PSIA* VELOCITY DELTA P .91 "G VELOCITY DELTA P :99 "HGAIR TEMPERATURE 717, DEG F AIR TEMPERATURE 716, DEG FAIR VELOCITY 173,85 FT/SEC AIR VELOCITY 18trOO FT/SEC* OIFFERENTIAL PRESSURE, C(LEFT PoTOTAL)-CRIGHT PeTOTAL)1 "'134 "HG

AIR FLOW DATAt PmREF. 103.4 PSIA DELTA Pe 2,79 "HG TREFu 186e DEG F

FUE SYSTEM DATAi
FUEL F/M FREQUENCY. 387, MZ VOLUMETRIC FLOW RATE 13,40 GALIR
FUEL PRESSURE AT F/I 332,1. PSIA FUEL TEMP AT F/M 183. DEG F

"* 41SCELLANEOUS TRANSDUCER READING$ **
MANIFOLD AVERACE BURNER OUTL.T TOTAL PRESSURE 56,64 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 57.69 PS1A CXDUCER 0 11)
GURNER DIFFERENTIAL TOT:AL PRESSURE 6,95 "MG CXDUCER 0 13)

, CHEMICAL ANA4VIIS RESULTS
GAS SAMP4ES TAXEN IN PLANE 01co 1.817 2 02 18,400'x CO 65,2 PPM CNX 1.6 PPM

NO 32,3 PPM N02 l,1 PPM NOX 49,4 PPM CNOCNDIR) * NOICNDUV))
NU .6 PPM N02 .j PPM NOX e8 PPM t CHEMILUMINESCENCE 3EMISSXON8 INDEX# L8/1U9 LB 5UELI CO 6,69 CH~E '16

CHEMILUMNNESCENCE NOX *lsee NDIR 4 NDUV NOXI 6s6

CALCULATED FUEL/AIR RATIO PROM CHEMICAL ANALY81Sl '908764CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISg 9908676 2CHECK ON FA RATIO- FIA .-e18738 W/O 02. CALCULATED 02 * 1.464

SMOKE INOEX; 7.73
SALTZMAN NOW 4.o PPM

Figure 423. Final Modified Conventional Liner, Modiftation "B"
at Regenerative 40% Power - 0% Closed DZ.
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T63 COMbUSTOR EXPERIMENTS - RIG S/U 79# TEST SERIES 67# READING N 967
T63 MODIFIED CONVENTIONAL LINER, MOD 06' RUN REGEN T63 INLET CONDITIONS,
TEST DATE$ 8-17w72 READING WAS TAKEN AT 1631159 HOURS

CYCLE POINT 5 VARIABLE GEOMETRY 28 X CLOSED 40 X POWER SETTING

*O** EXPERIMENTAL CONDITIONS ***
BURNER AIR FLOW 2,425 LBISEC AVG BURNER INLET TEMP 715. DEG F
AVG BURNER INLET PRES 60,1 PSA AVG BUNNER OUTLET TEMP 1299o DEG F
AVG bURNER DELTA P 6,9 "aHG PRESSURE LOSS 7.31 X
OVEPALL F/A RATIO ,N@938 (/M) FUEL FLOW RATE 61.67 LB/HR
AIR LOAD FACTOR 1,3823 PATTERN FACTOR ,36036
SOT HOT SPOTS 0 34 0'1589, DEG F MAX ROT / AVG SOT 111619
FUEL INLET TEMPERATURE IS, DEG F FUEL INLET PRESSURE 95,9 PSIA
HEAT LOADING PARAMETER .295111E07 BTU/tOURIATM/CUBIC FOOT

BURNER OUTLET TEMPERATURE SURVEY ****
I-- TEMP ID TEAP 1D TEMP ID TEMP ID TEMP I0 TEMP ID TEMP

ANNULUS 1 2 1318, 6.1365. 15 12819. 19 1218. 24 1263. 27 1331. 36 1470,
ANNULUS 2. 4 1336, 7 1371, 16 1243. 21 1179, 25 1274, 34 1509, 37 1396,
ANNULUS 3 5 1302, 14 1180. t7 1129, 22 1166, 26 1257, 35 1420, 39 1256,

LEFT SIDE *.* AIR NLET.TUBE CONDITIONS **a RIGHT SIDE
TOTAL PRESSURE 60.16 PSIA TOTAL PRESSURE 66,12 PSA
'STATIC PRESSURE 59,70 PSA STATIC-PRESSURE 69.63 PSIA
VELOCITY OELTA P ,93 "MG. VELOCITY DELTA P 1.t@ "HG
AIR TEMPERATURE 716, DEG F AIR TEMPERATURE 715, DEG F
AIR VELOCITY 175.40 FTiSEC . AIR VELOCITY 16229 FT/SEC
DIFFERENTIAL PRESSURE1 DLEFT P-TOTAL)ERIEMT PRTOTAL)T 13.1 "MG

'AIR FLOW DATAI P-REF8 10a,3 P$IA DELTA Pe 2,83 OHG TeREFe 196, DEG F

FUEL SYSTEM DATAI
FUEL FI FREQUENCY 305. NZ VOLUMETRIC FLOW RATE 13t31BALIHR
FUEL PRESSURE AT F/ 3302 PSIA FUEL TEMP AT FI/ 104. DEG F

A MISCELLANEOUS TRANSDUCER READINGS
MANIFOLD AVERAGE tURNER OUTLET TOTAL PRESSURE 55,75 PSIA
COMbUSTOR OUTER CASE STATIC PRESSURE 57,64 P31A (COUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 6:99 'MG CXDUCER 4 13)

* CHEMICAL ANALYSIS RESULTS *
1'50--,%A3 SAMILES TAKEN IN PLANE 01

CO 1.673 X 02 1 CO 62s PPM CMX 1,3 PPM
NO 28.1 PPM NO2 6'0 PPM NOX S5,8 PPM INO(NDIR) 4 NO2CNOUV))
NO 06 PPM NOR 'q PPM Nx 99 PPM CHEMILUMINESCINCE 3
EMISSIONS INDEX. L8/IllS Ld FUEL$ COO 6.45 CMZ 021

CHEMILUMINESCENCE NOX4 t3o# MOIR * NOUV NOXV 5.95

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI 41o
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSSI 90,1767 X

CHECK ON F/A RATIOu F/A a 00806s3 W/O O, CALCULATED 02 * 1.865 X

SMOKE INDEX# 1.30
SALTZMAN NOX a 33.3 PPM
REMARIS O+ INP ft~lo,*

Figure 424. Final Modified Conventional Liner, Modification "B"

at Regenerative 40% Power - 28;6 Closed DZ.
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T63 COMBUSTOR EXPERIMENTS - RIG 8/U 7, TEST SERIES 87, READING 4 96
T63 MODIFIED CONVENTIONAL LINERV MOD OR" RUN REGEN T63 INLET CONDITIONS,
TEST OATSt 8-17-72 READING WAS TAKEN AT 1647:18 HOURS

CYCLE POINT 5 VARIABLE GEOMETRY 5P X CLOSED 40 X POWER SETTING

***** EXPERIMENTAL CONOITIONS ****e
BURNER AIR FLOW 2,428 LB/SEC AVG BURNER INLET TEMP 714, DEG F
AVG BURNER INLET PRES 60.1 PSIA AVG BURNER OUTLET TEhMP 1306, DEG F
AVG BURNER DELTA P 12.46 "HG PRESSURE LOSS 1.18 x
OVERALL F/A RATIO 081946 (F/) FUEL FLOW RATE 82,5 LB/HR
AIR LOAD FACTOR 1,3835 PATTERN FACTOR .16600
SOT HOT SPOTI 4 36 0 1405. DEG F MAX SOT / AVG SOT 1.0752
FUEL INLET TEMPERATURE 109. DEG F FUEL INLET PRESSURE 94,3 PSIA
HEAT LOADING PARAMETER *29794E*47 BTU/HOUR/ATM/CUBIC FOOT

**** BURNER OUTLET TEMPERATURE SURVEY ***e
10 TEMP ID TEMP ID TEMP I0 TEMP 10 TEMP ID TEMP ID TEMP

ANNULUS 1 2 1362, 6 1402, 15 1277. 19 t283, 24 1334, 27 1383, 36 1405,
ANNULUS 2 4 1389, 7 1398, 16 1248, 21 1230, 25 1334. 34 1390, 37 1328,
ANNULUS 3 5 1330, 14 1140, 17 1151. 22 122, 26 1304, 35 126, 39 1243,

LEFT SIDE "a AIR INLET TUBE CONDITIONS aa* RIGHT SIDE
TOTAL PRESSURE 86,14 PSIA TOTAL PRESSURE 60,14 PSIA
STATIC PRESSURE 59g67 PSA STATIC PRESSURE 59.61 PSA
VELOCITY DELTA P .95 "HG VELOCITY DELTA P 1.07 "HG
AIR TEMPERATURE 715. DEG F AIR TEMPERATURE 714. DEG F
AIR VELOCITY 177.53 FT/SEC AIR VELOCITY 188.38 FTISEC
OIFFERENTZAL PRESSURE1 ((LEFT PoTOTAL)-CRIGHT P-TOTAL)l see6 "HG

AIR FLOW OATAI PwREFm 103.4 PSIA DELTA Pe 2,83 "HG TwREFS 104. DEG F

FUEL SYSTEM DATAI
FUEL F/H FREQUENCY 38, HZ VOLUMETRIC FLOW RATE 13,44 GALIHR
FUEL PRESSURE AT FiH 333.6 PSIA FUEL TEMP AT F/M t95. DEG F

MISCELLANEOUS TRANSDUCER READINGS a
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 54,2 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 57e11 PSIA CXDUCER a 11)
BURNER DIPFERENTIAL TOTAL PRESSURE 12.46 OMG (XOUCER 4 13)

* CHEMICAL ANALYSIS RESULTS*
GAS SAMPLES TAKEN IN PLANE 01

CO 1.641 X 02 18.160 % CO 11949 PPM CMX .2 PPM
NO 2503 PPM N02 6.1 PPM NOW 33.4 PPM tNO(NDIR) * NO2CNOUV)3
NO op PPM N02 .0 PPM NOW j6 PPM I CHEMILUMINESCENCE I
EMISSIONS INDEX, LB/ll LB FUELI COs 12,36 CHEs ,03

CHEMILUMINESCENCE NOW@ lot, NDIR # NOUV NOX 56

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI .09#015
CALCULATEU COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 99,6740 X

CHECK ON F/A RATIO. F/A 6 ,060076 W/O 02. CALCULATED 02 5 18,416 2

SMOKE I4OEXW 0.00
SALTZMAN NOW PPM

Figure 425. Final Modified Conventional Liner, Modification "B"
at Regenerative 40% Power- 50% Closed DZ.
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T63 COMBUSTOR EXPERIMENTS * RIG S/U 70t TEST SERIES 87, READING m 973

T63 MOnIFIED CONVENTIONAL LINER, MOD 0B0 RUN REGEN T63 INLET CONDITIONS*

TEST OATEI S-17-72 READING WAS TAKEN AT 1721322 HOURS

CYCLE POINT 4 VARIABLE GEOMETRY 50 % CLOSED 55 % POWER SETTING

"'a' EXPERIMENTAL CONDITIONS a.'a'

BURNER AIR FLOW 2,638 LB/SEC AVG BURNER INLET TEMP 761o DEG F

AVG BURNER INLET PRES 65.6 PSA AVG BURNER OUTLET TEMP 1410. DEG F

AVG BURNER DELTA P 14,04 "HO PRESSURE LOSS 10,51 x

OVERALL F/A RATIO 091057 (F/M) FUEL FLOW RATE 100,29 LB/HR

AIR LOAD FACTOR 1044b5 PATTERN FACTOR 17045

SOT NOT SPOTI 4 5 a 1520, DEG F MAX SOT I AVG SOT 1,0781

FUEL INLET TEMPERATURE 188. DEG F FUEL INLET PRESSURE 122,1 PSIA

HEAT LOADING PARAMETER ,3315E407 BTUIHOUR/ATMICUBIC FOOT

**** BURNER OUTLET TEMPERATURE SURVEY **0*

ID TEMP IO TEMP ID TEMP ID TEMP ID TEMP ID TEMP ID TEMP

ANNULUS 1 2 1484a 6 152@q 15 1361, 19 1382. 24 1443. 27 1482. 36 1511,

ANNULUS 2 4 1514, 7 1529, 16 1349, 21 1338, 25 1435, 34 1494, 37 1408.

ANNULUS 3 5 1439. 14 1241. 17 1230, 22 1329, 26 1405, 35 1365, 39 1317,

LEFT SIDE "a AIR INLET TUBE CONDITIONS a" RIGHT SIDE

TOTA6 PRESSURE 65.56 PSA TOTAL PRESSURE 65,57 PSIA

STATIC PRESSURE 65,1 PSIA STATIC PRESSURE 65,08 0SA

VELOCITY DELTA P 1.12 "HG VELOCITY DELTA P 1.o6 NG

AIR TEMPERATURE 764, DEG F AIR TEMPERATURE 764. DEG F

AIR VELOCITY 186.1 FT/SEC AIR VELOCITY 176.33 FT/SEC

DIFFERENTIAL PRESSUREI ((LEFT P.TOTAL)-(RIGHT P-TOTAL)! -0,23 "NG

AIR FLOW DATAI P-REFu 1031 PSIA OCLTA Pa 3032 "H6 TOREF9 99. OEG F

FUEL SYSTEM OATAI
FUEL FIN FREQUENCY 373. 4Z VOLUMETRIC FLOW RATE 16.31 SAL/HR

FUEL PRE8SURE AT FIN 323.7 P31A FUEL TEMP AT FIN 165B DE F

MISCELLANEOUS TRANSDUCER READINGS '

MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 5S,b7 PSI&

COMBUSTOR OUTER CASE STATIC PRESSURE 62 1 PSI& (WOUCER a 11)

BURNER DIFFERENTIAL TOTAL PRESSURE 14.61 ONG (DUCER 0 13)

, CHEMICAL ANALYSIS RESULTS *

GAS SAMPLES TAKEN IN PLANE 01

Cog 11961 K 02 17,866 I CO 945 PPM CMX 1.1PPM
NO '3317 PPM NO2 72 PPM OX. 41.8 ppm (NOCNOIR) * NOICNDUV)3
NO of PPM N02 of PPM NOw 'I PPM I CHEMILUNINECENCE

EMISSIONS INDEX. LOI11 LO FUELI CO 3.73 CNX O1
CNEMILUMINESCENCE NOY@ Ole# NoR l NoUV NOXf 6.12

CALCULAT9O FUELIAIR RATIO FROM CHEMICAL ANALYSISI 90648

CALCULATED COMBUSTION EFFICIENCY FROM.CHEICAL ANALYSIS$ 99.7?36 X

CHECA ON FIA RATIO* F/A 0 0009438 WIO 01 CALCULATED 02 16,16 1

$SONE INOENt 0.Q2
SALTZMAN NOw 64.3 PPM

Figure 26. Final Modified Conventional Liner, Modification "B".

at Regenerative 55% Power - 50% Closed DZ.
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T63 COMBUSTOR EXPERIMENTS * RIG D/U 70# TEST SERIES 4,, READING 4 971
T63 MODIFIEU CONVENTIONAL LINER, MOD POP RUN REGEN T83 INLET CONDITIONS,
TEST DATE 9.17.72 READING WAS TAKEN AT 1745113 HOURS

CYCLE POINT d VARIABLE GEOMETRY 28 X CLOSED 55 % POWER SETTING

EXPERIMENTAL CONDITIONS *we**
BURNER AIR FLOW 2,631 LO/SEL AVG BURNER INLET TEMP 764o DEG F

AVG SURNER INLET PRES 65.9 PSIA AVG BURNER CUTLET TEMP 1412. DEG F
AVG BURNER DELTA P WooP "MG PRESSURE LOSS 7,46 X
OVERALL F/A RATIO 091073 (F/M) FUEL FLOW RATE 101,61 Lb/HR
AIR LOA) FACTOR 1.3974 PATTERN FACTOR .,15382
ROT IqOT SPOTS 4 34 8 1641, DEG F MAX POT / AVG JOT ',1623
FUEL INLET TEMPLRATURt 199. DEG F FUEL IN-WET PRESSURE 127,7 PSIA
HEAT LOADING PARAMETER *3344@E+P7 BTU/MOUR/ATMCICJ 1r FOOT

• ,eBURNER OUTLET T MPFRATUNt SURIEY *.e.

10 TEMP ID TEMP ID TEMP ID TEMP TO 1EMP ID TENP I TEMP

ANNULUS 1 2 1445. 6 1493, 15 1408, 19 1327, 24 1377, 27 1449. 36 1584.
ANNULUS 2 4 1458, 7 15f4o 16 1353. 21 1269. 25 1388. 34 1941. 37 1466.
ANNULUS 3 5 143P, 14 1299, 17 1222, 22 1277, 26 1367, 35 1516. 39 1338,

LEFT SIDE ... AIR INLET fuISE CONDITIONS t e RIGHT SIDE
TOTAL PRESSURE 65,80 PSIA TOTAL PRESSLIRL 65.85 PI1A
STATIC PRESSURE 65031 PSIA STATIC PRESSURE 65,33 PSIA
VELOCITY DELTA P 1.16 $ VELOCITY DELTA P 1005 WMG

AIR TEMPERATURE 764, DEG F AIR TEMPERATURE 704, DEG F
AIR VELOCITY 192,91 FT/SEC AIR VELOCITY 161,87 FT/SFC

DIFFERENTIAL PRESSUREN ((LEFT P-TOTAL)-(RIGHT P-TCTAL)) .075 'MG

AIR FLOW DATAI PmREFm Id3sd PSIA UELTA Ps 3.29 114G TwREFv 98, DES F

FUEL SYSTEM DATAI
FUEL F/M FREQUENCY 378, HZ VOLUMETRIC FLOW RATE 16,53 CAL/IR
FUEL PRESSURE AT F/m 322.4 PSIA FUEL TEMP AT F/N 165s DEG F

e. MISCELLANEO1.S TRANSDUCER READIN4S e.
4ANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 66,96 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 63.01 PiIA (YOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 16.14 0M6 (IDUCER 4 13)

CHEMICAL ANALVSIS RESULTS a
GAS SAMPLES TAKEN IN PLANE 61

C02 1.065 1 02 17I I Co 51,s PPN CMX 03 PPM
NO 35.2 PPM N02 6,6 PPM NOp 42.6 POM INO(NOIR * NOICNOUV))
NO 06 PP NO2 .8 PPN NON *I PPM t CHEMILIHINESCENCE 3

EMISSIONS INDEX, L8/IO L6 FtIEL: COO 4,71 CHIm '94
CHEMILUNINESCENCE NOIN '990 NOte 4 ND01V NOND 6.2l

CALCULATED FUEL/AIR RATIO FROM CHEMICAL ANALYSISI '16604
CALCULATED COMBUSTION EFFICIENCY FROM CHEMICAL ANALYSIS: 09,1369 t

CMECK ON F/A RATIO. FtA ! ,609105 0/0 02 CALCULATED Ok 16,363 2

SOEI"0EXI 3-60
SALTZMAN NOX,4s PP

Figure 1427. final Modified Conventional Liner, Modification "8%.
at Regenerative SSX Power - 28% Closed DZ.
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T63 COMBUSTOR EXPERIMENTS - RIG B/U 76. TEST SERIES 87o READING 0 972
T63 MODIFIED CONVENTIONAL LINER, MOD RB RUN REGEN T63 INLET CONDITIONS,
TEST DATE: 8-17-72 READING WAS TAKEN AT 1815359 HOURS

CYCLE POINT 3 VARIABLE GEOMETRY VS X CLOSED 75 X POWER SETTING

.***. EXPERIMENTAL CONDITIONS **.**

BURNER AIR FLOW 2,794 LB/SEC AVG BURNER INLET TEMP 841, DEG F
AVG BURNER INLET PRES 75,6 PSIA AVG BURNER OUTLET TEMP 15,59o DEG F
AVG BURNER DELTA P Id.56 "HG PRESSURE LOSS 6,86 2
OVERALL F/A RATIO ,01214 (F/Mi FUEL FLOW RATh 122,11 Lb/HR
AIR LOAO FACTOR 1,3339 PATTERN FACTOR 033161
SOT H' T 1"OTI 0 34 v 1797. DEb F MAX BUT i AVG SOT 11525
FUEL INLEI TEMPERATURE 109, DEG F FUEL INLET PRESSURE 167,9 PSIA
HEAT LOAOING PARAMETER *35012E*97 bTUIMOUR/ATMiCUBIC FOOT

"', BURNER OUTLET TEMPERATURE SURVEY *e*
7T TEMP tO TEMP I0 TEMP I TEMP 10 TEMP ID 'iMP 10 TEMP

ANNULUS 1 2 !509 6 1639, 15 1558. 19 1463. 24 1526, 27 1615, 36 1726
ANNULUS 2 6 A07, 7 1644. 16 1495, 21 1427, 25 1546, 34 1797. 37 $633,
ANNULUS 3 5 1573, 14 1445. 17 1356. 22 1418, 26 1526. 35 1690. 39 d?4

LEFT SIDE e AIR INLET TUBE CONDITIONS R RIGHT SIDE
TOTAL PRESSURk 75,59 P3IA TOTAL PRESSURk 75161 PSIA
STATIC PRESSUJRE 75.85 PSIA STATIC PRESSURE 75.22 PSIA
VELOCITY DELTA P 1999 OHG VELOCITY DELTA P 79 'HG O

AIR TEMPERATURE 541. OE6 F AIR TEMPERATURE 841. DE F
AIR VELOCITY 176019 FT/SEC AIR VELOCITY 151.40 FTISEC
DIFFERENTIAL PRESSURES ((LEFT P.TOTAL)w(RIGHT P*TOTAL)1 vo,43 *H.

.AIR FLOW QATAR POREF 163,6 PSIA DELTA P 3,71 OMG ToeEPS 960 DEG P

FUEL SYSTEM DATA$
FUEL FIN FRPQUENCY 4d4. "Z VOLUMETRIC FLOW RATE 100 SAL/iH
FUE1. PRESSURE AT F/n 314o2 PSIA FUlL.TENP AT F/n 167. 0E P I

'" MISCELLANEOUS TRANSDUCER READING $.
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 76.41 Pil .
CONSUSTOR OUTER CASE STATIC PRISSURE los$ PSI& twOUCE I 11).
_URNER OIFFERENTIAL TOTAL PRESSURE 18.53 %06 (NOUCER 0 13)

C HNEMICAL ANALYIS RESULTS -
GAS SANPLES TAEN IN PLANE *I

cot to84 2 0 17,40 1 CO 42,3 PPM CHx ot Pp
$- 57.0 PPO NO 0,04 pp mo0 64.3 PPN (NO(VOIN) * N0t(NoUV))
NO 0 PPM "oi '6 PPM Not 80 PPN t CMt"ILUINESCINCE I
EtISSIONS NOlX. L0/1096-0 FUEL$ CO 3,41 C'6 .6)

CNEMILUMINESCENCE Ot' ,@09 NOte* NODUV NOe l8s

CALCULATED FUEL/AIR RATIO FROM CMEMICAL ANAL16iSl 64j9315
CALCULATEO COIUSTION EFFICIENCY FROM COENICAL ANALYSIS8 $0,0404 1

COECK ON F/A RATiO. PIA * .663007 w0 Of CALCULATED 01 6 10,009 1

.SAL1AN WNl 6 A / I PPN

Figure 428. final Modified Conventional Liner, Modification "B"
at Regenerative 75% Power - 28% Closed O3.

6'9

l l i i l Ii I



T63 COMNUSTOR EXPERIMENTS * RIG B/U 76, TEST SERIES O, READING 4 973
T63 MODIFIED CONVENTIONAL LINER, MOD 03' RUN REGEN T63 INLET CONOITIONS.
TEST DATE: 8-17-72 READING WAS TAKEN AT 1833118 MOURS

CYCLE POINT 3 VARIABLE GEOMETRY 56 X CLOSED 75 1 POWER SETTING

EXPERIMENTAL CONDITIONS ***
BURNER AIN FLOW 2,791 LB/SEC AVG BURNER INLET TEMP 8390 DES F
AVG BURNER INLET PRIE 756 PSIA AVG BURNER OUTLET TEMP 1560. DEG P
AVG BURNER DELTA P 14,56 'G PRESSURE LOSS 9,47 2
OVERALL F/A RATIO '91215 (F/N) FUEL FLOW RATE 128,6 LB/MR
AIR LOAD FACTOR 1,3312 PATTERN FACTOR e15395
SOT NOT SPOT: 4 36 8 164a DES F MAN DOT / AVG BOY 1,l1I
FUEL INLET TEMPERATURE 169, DEG F FUEL INLET PRESSURE 168.$ PSIA
HEAT LOADING PARAMETER ,35916E67 OTUIMOUR/ATNICUBIC FOOT

er.. BURNER OUTLET TENPERATURE SURVEY erie
to TEMP IO TOMP Io TEMP IO TEmP to TEMP ID TEpP to TEP

ANNULUS 1 2 1647 6 1676o 15 1531. 19 1519. 24 1596. 27 1640. 34 1666.
ANNULUS 2 4 1079, 7 1666. 16 14960 It 146. 21 158 34 16t. 3? 1591.
ANNULUS 3 5 1S0, 14 1)72. 17 1379 2f 1460. 20 ASI. 35 1553a 39 1535.

LEFT SIDE *e. AIR INLET TUBE CONDITIONS *'o RIGMT SIDE
TOTAL PRESSURE 75.56 PSIA TOTAL PRESSURE 75.55 PSIA
STATIC PRESSURE 74,81 PSIA STATIC PRESSURE 74,94 PSIA
VELOCITY DELTA P 1.54 GHC VELOCITY DMLTA P 1.34 S-

AIR TEMPERATURE 139, DEG F AIR TEMPERATURE 839t DES F
AIR VELOCITY 2tll PTISEC AIR VELOCITY 198 34 FT/SEC
OIFFERENTIAL PRESSUREI ((LEFT POTOTAL).(RIBNT PTOTAL)) 040 wonM

AIR FLOe DATA$ PeRE'F 14106 PSIA DELTA P 3,?1 6MS TaRiFe *so 01 F

FUEL SYITEN OATA:
FUEL Fin VREOUENCY 454, "1 VOLUNETRIC FLOW RATE 1 ti6.SAL/W.
FUEL PRESSURE AT F/N- 36 6. PISA FUEL TENP AT fin 1"?. 0gg f

MISCELLANEOUS TRANSOUCER RIAOINiS -Z a

MANIFOLD AVEQASE SUMNI OUTLEy TOTAk PREiUE- 60,41 PIeA
CONUOTOR OUTER CASE STTiC PRISSURE 71t06 PSlA CEOUC9E 1 11)
UINR 0IFFBENIAL TOTAL PRESSURE .14.S t e (44 DUCt * 13)

SCMIICAL ANALYSIS RESULTS *

#S, SALPLES TAKEN IN PLANE It
COE 1*363 1 08 17,663 I CO 44,e PP CMI . PPN
NO 5316 PPM Wi $i6 POM se PPM 0(0014) * N00(NOUJV)
NO to PPN Not .s PPN NOR of PPM t CoNw"ILNtNEsCENCe I
EMISSIONS tNOEIO.LS1nOs LO FUELI Coo 3 6 CHi 641

CISSNLUNINCSC(NC1.40e ,OO, NOIR *NoVY NOR@ 7st.

CALCULATED FOIC/A1 WO. FROM CHENICAL ANAL1SiSI .611458
CALCULAtO CONIO YION IPPICIENCV PROPS ChEMICAL ANALISIS 0,614 1

CHECK ON /A RATIO FIA v .gi30ie 0it , CALCULATE0 Of $ ?off I

swlI i1N1 0.01
SALTNMAN NOR OFPP

Figure 429. Final Hodified Conventional Liner, Plodificotion "I"

at Regeneretive 75 Power - SO% Closed D.

65O



T3 COMBUSTOR EXPERIMENTS * RIG S/U 760 TEST SERI1S 01# READING 0 o7d
163 MODIFIED CONVENTIONAL LINER, MOO 4I' RUN REGEN T63 INLET CONDITIONS.
TEST OATES 6.17-72 READING WAS TAKEN AT 1149130 HOURS

CYCLE POINT 3 VARIABLE GEOMETRY 71 S CLOSED 75 X POWER SETTING

s*o,* EXPERIMENTAL CONOITIONS .0'..
BURNER AIR FLOW R1e33 LB/SEC AVG SURNER INLET TEP 546. DIG f
AVG BURNER INLET PRES 75.6 PSIA AVi gURNER OUTLET TEMP 153f6. DG FAVG BURNER DELTA P to.$ IMG PRESSURE LOSS 12099
OVERALL F/A RATIO ,l199 (F/m) FUEL PLOW RATE 131.36 LB/MR
AIR LOAD FACTOR 1.35SP PATTERN FACTOR .353 4
BOT NOT SPOTS * B 9 1762. DE F MAX No? i AVG BOT 1,1693
FUEL INLET TEMPERATURE Its. DES F FUEL INLET PRESSURE 16l.e PSIA
HEAT LOADING PARAMETER .e3589E*6? BTUINOUR'ATH/CUSIC FOOT

•*'. BURNER OUTLET TEMPERATURE SURVEY *ee,
ID TEmP tO TEMP 10 TEmP 10 TEPP to TEPP 10 TEMP Io TEMP

ANNULUS I I 100se 6 119 15 156 10 1542. 14 160, 17 1649. 36 1036.
ANNULUS 8 4 1741o 7 1749e 16 1435o It 1436s 15 1565, 34 1579, 37 .141,.
ANNULUS 3 5 1913. 14 1241o 17 1103, It 1404a If 1530. 36 1471. 39 1346,

LIFT SIDE *s* AIR INLET TUSE CONDITIONS ** RI6M Mt0
TOTAL PRESSURE Mo5ss PStA TOTAL PRESSURE 75,64 PIZA
STATIC PtRISURE 75011 PITA STATIC PRESSURE 75,13. PitA
VELOCITY DELTA P 1.17 olG VELOCITY DELTA P 1oo ? MS
AIR TEMPRTuRE 641. DES F A TEMPERATURE "4. gs. 01,
AIR VELOCITY 164.6? FT/SEC AIN VaLOCITY 176.06 FT/SEC
0IFFIRENTAil. PRESSURES M(EFT POTOTAL)OCRISN? PeTOTAL)1 *,II IMG

AIR FLOW 0AVA PeREFo103.1 PitA 0ETA Ps 3.61 ,MS TaNtF* 94. 016 F
FUEL SVtfE *# 0~O
FUEL Pfin PtIGUINCT 481o 141 VOLUNZYtC FLOW RlATE .t9ofli0I
FUE PRESSURE AT FiN 360oO PSI& FUEL TEP At P/n t0o @FU S E T

. .i ** ."ISCILLAe0 TaNIOU WO t19aDNIS ,o
- #INIFOIL AV4AU O[.USto OUTLET TTA Pa|ilUall Owt. P8ti

COMONO O UT14.n 8 STeAItC P1lO0O"t ?let# PSIA (IOUCI! 0 11)
011110 DIFF|NINTIAL TOT-AL PRESSURE "99 N, tstb 0uCt a 13)"

6 CMEMICA. ANALVSIS RESULTS*
M SAMPLEs ITAEEWIN PLANE $I

SOS sell? It 0 1.10 #81 S O P31 PPO C 1. PPM p
1NO .3o? PPM MOO J,0 PPM *N 46e3 PPP 1N000) * NOl(NOUV)3
No .I PPM Not 6 Pp OI ,' PPM t CuMEtLCtaeEtuct I
EMISION0s INKS, LOaiN Lo FUILI COo .1,66 1NU ".1

CNIN1LUNIMESCtKC 100O ,0.O NOla .OUV Name et

CALCULATED FUILIAIR RATIO FeO SENICAL ANALYItSI .*Mt
CALCKAeSo @oustio tIffcteCv Poop SONICAL AW4ALYSISI 0?H a

" 0 P ,N O 101A?06 PF/A a ,O4014 v/0 0, CALCULATED s@ 6 to6 2
sNOME tons# 04DO
SALTINAN me% 0 9 PP"

figure 430. Final Hodifled Conventfonajl LIner, Modlflestion "a"
at Reponeraetie 799 Power- 71% Closed DZ.
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T63 COMWUSTOR EXPERIMENTS * RIG S/U 70, TEST SERIES B7, READING 0 975
T63 MODIFIED CONVENTIONAL LINER, MOD '84 RUN REGEN T63 INLET CONDITIONS.
TEST OATEI 6-17-72 READING WAS TAKEN At 1315157 HOURS

CYCLE POINT 2 VARIABLE GEOMETRY 71 1 CLOSED IP I POWER SETTING

EXPERIMENTAL CONDITIONS e0"'
WURNER AIR FLOW 3.606 LB/SEC AVG BURNER INLET TEMP 970, DE6 F
AVG BURNER INLET PRES 84,9 PSIA AVG BURNER OUTLET TEP 5749, 0E F
AVG BURNER DELTA P 22,96 O'M PRESSURE LOSS 13,30 1
OVERALL F/A RATIO '41416 (I) FUEL FLOW RATE 103.16 LB/HR
AIR LOAD FACTOR 1,0308 PATTERN FACTOR s35915
SOT NOT SPOTI 0 6 0 1310. DES F PAW SOT I AVG SOT 1.1060
FUEL INLET TEMPERATURL 1Oa 0E6 F FUEL INLET PRESSURE sloe3 PStA
NEAT LOADING PARANETER o3914SES7 BTU/$OUR/ATMCUBIC FOOT

.a. BURNER OUTLET TEMPERATURE SURVEY ¢*se
10 TEMP ID TEMP ID TEMP ID TEMP 10 TEMP I TEMP ID TEMP

ANNULUS 1 2 1569, 6 219, 15 1717. 19 1771. 14 101.1 17 1003o 36 illy,
ANNULUS 2 4 1969, 7 1976, 16 169, 11 1619, 15 WOO9* 34 1707, 37 1609
ANNULUS 3 5 1796, 14 1497, 17 1417, 21 1595, 36 170, 35 1601, 39 1541.

LEFT SIDE Ott AIR INLET TUSE CONDITIONS 0o* RIGHT SIDE
TOTAL PRESSURE 04,I5 PITA TOTAL PRESSURE 04.o0 PITA
STATIC PRESSURE 04.3 PSIA STATIC PRESSURE " 01 PSTA
VELOCITY DELTA P 1.10 'MG .VELOCITY DELTA P 1.41 ONG
AIR TEMPERATURE 971o 09( F AIR TEMPERATUIE BOB. DES r
AIR VELOCITY 17701 FT/SEC AIR VELOCITY S01643 PTISEC
OIFFEN9TIAL PISSURE ((LEFT P-?OTAL)-(RISNT P-TOTAL)i 10 'M.

A1l FLO OATAl P*Ife tot.? PSIA DELTA Ps 4,3O OMS TeREF. o. Ott F

FUEL SYSTtM DATA$
FUlL PON FROU[%CT $?I, "I VOLUOICI FLOW RATE 140es&0ALiMR
PUEL PRESIURE AT rim Io30l PSth .PUlL TEMP AT Pn lss Ott F

.... *M SCELLANIOU6 TAWSUUCI R(AP1NO6 a.
MANIFOLD AYW WI iURNLI OUTLET TOTAL P1ESSUlE 13O 081
CONSUSTOR OUTEN CAS STATIC PRES8URE ?loss Pthi (IOUCR 11)
oVUIN OIPPIENTIAL TOTAL PllsUIC 1la , '- (WOuCto a is)

* CNINICAL NAIVi1.| RESULTS 6
64S SAMPLEIS TAIN IN PLANE II

cot to01 0 I 0# 1604 CO 8 , PPM CNN.I PPN
NO 7461 PPM NOt 4's PP OI ?&I PPM 14NO(IRooi 0 1 OUV.)" 1
NO as PPN %o# s0 POP "Ol .a , PP 1 CI9.NUNIESCINCE I
9"ISSION1 14O9[ L411OB0 LB FU9LS COs las CRIS .As

CINILUNINIECICE move As# Noil * NOUW VOe 0.36

CALCULATED FUEL/IR RATIO FROM CHIMICAL ANALYItSi .*013024
CALCULATED COmoulIlOss EFFICIENCy 0R3* CMIMICAL ANALYSIS$ B0B0IN IcoICs OW Pa *AltO. VIA 0 916O VIC 01l CALCULATEI 01 o I1.8 I

SLTIRtl PON 0 ouo PP

Figure 431. rindl Modified Conventional Liner. Modification "b"
at Revnerative 100 Poier - 71% Closed DZ.
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T63 COBUSTON EXPERIMYNTS * RIB /IU 70t TEST SERIES $7. READING 4 97
TO3 MODIFIED CONVENTIONAL LINER. ROD '60 RUN REGEN T63 INLET CONDITIONS*
TEST OATEI 6017072 READING WAS TAWEN AT 1327139 HOURS

CYCLE POINT a VARIABLE GEOMETRY 50 1 CLOSED Jo3 I POWER SETTING

•**0o EXPERIMENTAL CONDITIONS a....
BURNER AIR FLOi 2,993 LB/SEC AVG BURNER INLET TENP 971. DES F
AV$ BURNER INLET PRES 65.6 PSIA AVG BURNER OUTLET TEMP 1764 DES F
AV$ BURNER DELTA P 15.76 mHG PRESSURE LOsS 9e1
OVERALL F/A RATIO .61426 (F/N) FUEL FLOW RATE 151,97 Lli/R
AIR LOAD FACTOR 1,3310 PATTERN FACTOR .17375
SOT 1OT SPOT$ a 36 a 1926. DES F MAN so? I AVG SOT 166791
FUEL INLET TEMPERATURE 1o 0EG F FUEL INLET PRESIURE 3et9 PSIA
NEAT LOADING PARAMETER ,390171*67 &TUINOUR/ATM/CUBIC FOOT

b*SS BURNER OUTLET TEMPERATURE SURVEY ****

ID TEMP I0 TEMP 1D TEMP 10 TEMP I0 TEMP ID TENP 10 TIMP
ANNULUS 1 2 186o 0 1I61. tS 1736,9 1 737. 14 1106,81? 163 6330 1926.
ANNULUS 1 4 1063, 7 10, t§ 1703, it 1603, 23 106s 34 1063s 37 1795.
ANNULUS 3 5 1039t 14 t61, 1? 1571. 2 1062, 26 1705. 35 1773, 39 16?0

LEFT SMUE a.. AIR INLEt TUGI CONDITIONS a.. RISM? SIOE
TOTAL PRESSURE 64.9 PIJA TOTAL PRESSURE 85,03 PSIA
STATIC PRESSURE 64,25 PSIA STATIC PRESSURE d4,45 P5a1
VELOCITY DELTA P 1.51 Afb VELOCITY DELTA P .1 0 'MS
AIR TiMPIRATURI 91. 06 F AIR TemPtnATURE fil. Deg F
AIR VELOCZTY .67,70 FT/SEC All VELOCITY 164,6 FTSIEC
OIFFERENTIAL PRESSURE$ f(LEFT P.TOTAL)-CRIsoT PeTOTAL)) 100 'N

All FLOW DATA$ PeRtFs 163,? P616 DELTA P. 4.36 01l Tenf 03, DES f

FUEL 8TIN DATA$
0FUL FIN PARIUNCT ve6, "I VOLUNMTRIC PLOW RATE 14.93 SALIMR
PUIL PRESSURE AT FN 394,3 PSIA FUEL tamP aT FiN 1900 016 F

MISCELLIeOUS TRAMDUCan REiAOIWS to

-UAIFOL1 O IV1RAE SUoNI OUTLET TOTAL PRESSURE 77,37 PSIA
CONeUSTOO OUTtER CASE STAtIC PRlESURE eroD PSIA C(OUcdS 4 it)
SUNNE OtIFIENTIAL TOTAL PRiSSURS 19,7F 0S (lOUdO 6 13)

a CMNICAL ANALYSIS 9SIULT8 *
ot *PM w IA PLCS TAREN In PLANE *I

tCoo tests I aIis$$t x cO c 0B PPM CN ,8 PPN
NO 000PP" was 4.4.PPo NOW 93,0 PPM WiOD NOINOUV)
NO. PPM NOa 0 PPM %O 0o VP I CMENILUNIICINCI I

EMISSIO s loale LoIlls Le FUILS too la71 CuIs Sl
ept"ILUNtmalCENCt Novi $go, Note M OUV lons too$$

CALCULATED PUIEtAtR rATIO FROM CHEnICAL ANALYSIS strills
CALCULI0TO CO"OusTIOv 1FPICIICY tROM CRInICAL ANALTIS$ t0.0074 S

CMEC4 ON VIA rATIO- F/A Olt1 oO 10 , CILCULAT4 Oas 0 1edle x

SALTZMAN 4O1 0 PPM

Figure 432. Final Modified Conventional Liner, Modificstion "B"

a, RevneretIve 100% Power - S0% Closed OZ.
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TABLE LXXXIX. EMISSION D)ATA OF FINAL DESIGN MUDIFIVU CONVENTIONAL
COMBUSTOR LINVR MODIFICATION "TB" OPERATING AT T63
REGrNLRATIVI. cOMBUSTUR CONDITIONS

Dilution Zone Variable _____ yle Point____
Geometry Settuing 6 5 4 3 2

0* ClosedI

CO. (ppm) 80.8 67. 3 65.2

C H (ppm) 1 .2~ 1.0 1.0

NO ..(NUIR f NUV)(ppm) 11.i 3b. 40.4

NO (Saltzman)(ppm) 30.0 ig.i 44.0

c,(o)104.9 ?S.6 62.0 S1.0 42.i'

Cl HS Y(PPM) 1.6 1.2 . .3 .

//y

NO3 (QDZK & 74UV)(Pon-) N5. 12 6 -42.0 64,1

S".kvh Iie .0 .0 1.3 3.6, 0.

Vyx CloseId

C04 tpsw) 051 Iq.9 q14. 5 44.4 2.

/c

UNO * )I .R &DITOUV)( 16.6 B"PR N AT T6

ZIA Closed

CO, (pp) 71.1 . 7 0.

c 1, .(pPs) 1.0.o o

mo , (1i)t 4 NOUV)(pp") Aa.. 3 ?,%.1

NO. (Salz n) (ppo) All. 7 81.6

Sok* Ivda .0 .0

- --
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TABLE XC. EMISSION INDEX COMPARISON OF CONVENTIONAL
T63-A-SA COMBUSTOR AND THE FINAL MODIFIED
CONVENTIONAL MODIFICU.TION "B" COMBUSTOR

EMISSION INDEX (LB/1000 LB FUEL)
NONREGENERATIVE . REENERATIVE

EMISSION BASELINE MODIFIED BASELINE MODIFIED
-CONSTITUENT T63-A-SA CONVENTIONAL T63-A-5A CONVENTIONAL

CiH 1.544 .364 .378 .072

CO 26.094 11.432 13.804 5.009

NO 5.068 4.068 8.412 6.725

PARTICULATES .239 .298 .040 .030
- -

TOTAL 32.945 16.162 22.634 11.836

6

'3
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Convercional T63-A-SA combustor produces 0.713 lb/hr of NO, at non-
re-unerative conditions while the Modified Conventional combustor
produces 0.656 lb/hr of NP, at regenerative conditions. Per hoir
of engine operation,this is an 8% reduction of NOx from the Modified
Conventional combustor liner.

Pressure loss for the Modification "B" combustor liner is compared
with losses for the Coiventional T63-A-SA combustor liner and Regen-
erative T63 combustor liner in Table XCI. The Modified Conventional
combustor losses at the 0% closed dilution geometry setting are
nearly equal to the Regenerative liner losses. At the 28% closed
dilution geometry setting, the Modification "B" losses compare very
favorably with the Conventional T63-A-SA losses. A large penalty
in pressure loss was suffered at the 50% and 71% closed dilution
settings.

Regenerative conditions exhaust temperature profile data are
presented in Table XCII. The 50% closed dilution setting in the
Modified Conventional combustor liner produced temperature profiles
comparable to both the Conventional T63-A-SA liner and the Regenera-
tive T63 liner when tested at regenerative combustor conditions.

For the ambient temperature and pressure startup test, the standard
T63 spark igniter was used, as it had been in all previous testing of
the Modified Conventional combustors. The rig test conditions were:

Airflow Rate, Wa = 0.24 lb/sec

Inlet Temperature, BIT 860F

Inlet Pressure, BIP 14.5 psia

Fuel/Air Ratio, F/A = .038 and .029

Fuel Flow Rate, Wf = 32 and 25 lb/hr

The dilution-zone geometry was set to 28% closed. The prefire rig
and combustor conditions are given in Figure 433. The 32 lb/hr fuel
flow rate was set, and fire-up was achieved 10 seconds after the spark
igniter was activated. The rig and combustor conditions after fire- ,
up are given in Figure 434. A second fire-up test was performed at
the 25 lb/hr fuel flow rate. Ignition was achieved at this fuel
flow, also 1C seconds after activation of the spark igniter. These
post fire-up conditions are presented in Figure 435.

Emission/combustor data were obtained for the "Final Modified Con-
ventional Modification "B" Combustor Liner" operating at the 50%
closed dilution geometry setting for a nine-point set of parametric
combustor conditions. Three values of four parameters were set on
the combustor, the middle value of the three being the nominal test
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TABLE XCI. COM1PARISON OF COMBUSTOR PRESSURE LOSS ()FOR FINAL
DESIGN MODIFIED CONVENTIONAL MODIFICATION "B"' COM-
BUSTOR LINER .'.M) BASELINE T63 COMBUSTOR LINERS AT
T63 REGENERATIVE OPERATING CONDITIONS

Cycle Point

I.Conventional T63-A-SA Liner 6.50 b.52 7.00 6.85 6.21 6.64

I.Regenerative T61 Liner 5.59 5.50 3.145 3.31 5.20 5.21

III. Final Design Modified
Conventional Liner
Mod. "Bl"

0% Closed 2.86 5.71 5.74

28% Closed 7.17 7.29 7.31 7.46 6.86

50% Closed 10.22 10.18 10.51 9.47 9.11

71% Closed 12.99 13.30
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TABLE XCII. COMPARISON Or EOXAUST TEMPERAIVRE 9OF1FILE (Amax/Tavg)
FOR FINAL DESIGN MODIFIED CONVETIONAL COMBUSTOR
LINER MODIFICATION "B" AM BASELINE T63 COMBUSTOR
LINERS OPERATING AT T63 REGENERATIVE CONDITIONS

C ele Point

1 6 5 4 3 2

I. Conventional T63-A-SA Liner 1.076 1.085 1.078 1.063 1.065 1.051

II. Regenerative T63 Liner 1.090 1.112 i.114 1.120 1.130 1.147

III. Final Design Modified
Conventional biner
Mod. "B"

0% Closed 1.146 1.120 1.131

28% Closed 1.149 1.157 1.162 1.162 1.152

50% Closed 1.069 1.075 1078 1.071 1.079

71% Closeu 1.160 1.160
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T63 COMBUSTOR EXPERIMLNrS - RIG 8/U 70, TEST SERIE3 6s READING 4 958
W T3 MODIFIED CONVENTIONAL LINER* MOD "Of AMBIENT IGNITION TEST,

TEST OATE: 8-17-72 READING WAS TAKEN AT 1327113 HOURS

CYCLE POINT 7 VARIABLE GEOMETRY 28 X CLOSED 0 Z POWER SETTING

EXPERIMENTAL CONDITIONS **"*
BURNER AIR FLOW .240 LB/3EC AVG BURNER INLET TEMP 86* DEG F
AVG BURNER INLET PRES 14.4 PSIA AVG BURNER OUTLET TEMP U?, DEG F
AVG BURNER DELTA P .l NHG PRESSURE LOSS '60 x
OVERALL F/A RATIO .00000 CF/M) FUEL FLOW IATE .90 LB/MR
AIR LOAD FACTOR .3884 PATTERN FACTOR .72657
SOT HOT SPOT: 4 5 *8, DEG F MAX SOT / AVG DOT 1.992
FUEL INLET TEMPERATURE 93. DEG F FUEL INLET PRESSURE 13,9 P$IA
HEAT LOADING PARAMETER #800AFE408 BTU/HOURtATM/CUBIC FOOT

'*** BURNER OUTLET TEMPERATURE SURVEY ****
10 TEhP I0 TEMP I0 TEMP ID TEMP ID TEMP I0 TEMP 1D TEMP

ANNULUS 1 2 88. 6 87. 8,15 67, 19 6 24 87. 27 87. 30 87.
ANNULUS 2 4 87. 7 87. 16 07, 21 67. 25 Ole 3d 87. 37 57.
ANNULUS 3 5 as, 14 88. 17 By* 22 $7. 26 8?, 35 88. 39 as,

LEFT SI0E *** AIR INLET TUBE CONDITIONS *** RIGHT SIDE
TOTAL PRESSURE 14.45 PSIA TOTAL PRESSURE 14,4s PS1A
STATIC PRESSURE 14.43 PSA STATIC PRESSURE 14.44 P8IA
VELOCITY OELTA P 083 %MG VELOCITY DELTA P ,e "94

AIR TEMPERATURE 66. DEG F AIR TEMPERATURE s6e DEG F
AIR VELOCITY 41.06 FT/SEC AIR VELOCITY 31,51 FTiECI
DIFFERENTIAL PRESSURE! [CLEFT P.TOTAL).(RIGHT P-TOTAL)1 w.ll "No

AIR FLOW DATAI PuREFI 199.6 PSIA DELTA Pe 135 "MG T"EFu tell DEG F

FUEL SYSTEM DATAI
FUEL FIM FREQUENCY l H VOLUMETRIC FLOW RATE .I GAL/MR
FUEL PRESSURE AT F/N 14.7 PSA FUEL TEMP AT FI/ 93. DG F

so MISCELLANEOUS TRANSDUCER READINGS a*
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 14.36 PSIA
CONbUSTOR OUTER CASE STATIC PRESSURE 14.46 PSI& (XDUCER 0 11)
BURNER DIFFERENTIAL TUTAL PRESSURE *I OMS tWOUCER 0 13)

SMOKE INOEX8
SALTZMAN NOX @It OPM

Figure 433. Final Modified Conventional Liner,, Modification "B"

Startup Test - Prefire Conditions.
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T63 COMbUSTOR EXPERIMENTS - RIG B/U 70# TEST SERIES 86, READING 0 959

T63 MODIFIED CONVENTIONAL LINER, MOO "B" AMBIENT IGNITION TEST.
TEST DATE: 6-17-72 READI WAS TAKEN AT 1328148 HOURS
CYCLE POINT 7 VARIAbLE GEOMETRY 26 X CLOSED I I POWER SETTING

*0*,* EXPERIMENTAL CONDITIONS ****
BURNER AIR FLOW .235 LB/SEC AVG BURNER INLET TEMP 86. DEG F
AVG BURNER INLET PRES 14,5 PSIA AVG BURNER OUTLET TEMP 983, DEG F
AVG BURNER IELTA P .18 "HG PRESSURE LOSS tot IOVERALL F/A RATIO ,03814 (F/M) FUEL FLf'W RATE 32,24 LB/HR
AIR LOA) FACTOR .3778 PATTERN FACTOR .951
SOT NOT SPOT$ 4 34 a 1633, DEG F MAX BOT / AVC SOT 1,8096
FUEL INLET TEMPERATURE 93. DEG F FUEL INLET PRESSURE 26,4 PSIA
HEAT LOADING PARAMETER @48136E#07 BTU/MOUR/ATM/CUBIC FOOT

*** BURNER OUTLET TEMPERATURE SURVEY **
ID TEMP ID TEMP ID TEMP ID TEMP Io TEMP ID TEMP 10 TEMP

ANNULUS 1 2 693. 6 989. 15 1624, 19 1077. 24 93?, 27 1202. 36 1298.ANNULUS 2 4 626, 7 905, 16 1207, 21 65, 25 8056. 34 1633. 37 846,ANNULUS 3 5 5S5, 14 912, 17 473. 22 4650 26 635, 35 $42, 39 445,

LEFT SIDE 0.0 AIR INLET TUBE CONDITIONS RIGHT SIDE
TOTAL PRESSURE 14.52 P3IA TOTAL PRESSURE 14.53 PSIA
STATIC PRESSURE 14,52 POIA STATIC PRESSURE 14.51 PSIA
VELOCITY DELTA P -.31 "HG VELOCITY DELTA P 093 NG
AIR TEMPERATURE s6, DEG F AIR TEMPERATURE SO, DEG F
AIR VELOCITY 010 FT/SEC AIR VELOCITY 42,55 FT/SEC
OIFFERENTZAL PRESSUREI t(LEFT PTOTAL)e(RIGMT P*TOTAL)l we.13 "NM

AIR FLOW OATAI P*REFm 109.6 PSIA DELTA Pe 033 ING TORWFN t1l 09G F

FUEL SYSTEM DATAI
FUEL FN FREQUENCY 110 4Z VOLUMETRIC FLOW RATE Sel SAL/NR
FUEL PRESSURE AT F/ 146.6 PSIA FUEL TEMP AT F/N 91. DEG F

* MISCELLANEOUS TRANStUCER READINGS ,
MANIFOLD AVERAGE BURNER OUTLET TOTAL PR&SSURE 14,43 OSSA
COMBUSTOR OUTER CASE STATIC PRESSURE 1doOO PSIA CIOUCER 0 11)
BURNER DIFFERENTIAL TOTAL PRESSURE 17 PSA (NOUCER 1 13)

SMOKE INOEXI U
SALTZMAN NOX el PPM

.1
Figure 434. Final Modified Conventional Liner, Modification "B-

Startup Test - Fire-up at .038 F/A. A
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T63 COMBUSTOR EXPtRIMENTS - 8IG I/U 70, TEST SERIES 86# READING 4 968
T63 MOQIFIEO CONVENTIONAL LINER, MOD "B AMBIENT IGNITION TEST,
TEST DATES 4-17-72 READING WAS TAKEN AT 1333815 HOURS

CYCLE POINT 7 VARIAdLE GEOMETRY 28 1 CLOSED a I POWER SETTING

EXPERIMENTAL CONDITIONS *a.
BURNER AIR FLOW .230 Ld/SEC AVG BURNER INLET TEMP 87. DEG F
AVG BURNER INLET PRES 14.5 PSIA AVG BURNER OUTLET TEMP 593e DEG F
AVG BURNER OELTA P .25 0H; PRESSURE LOSS t85
OVERALL F/A RATIO 82882 (FoM) FUEL FLOW RATE 24,74 LB/HR
AIR LOAD FACTUR .3845 PATTERN FACTOR .94828
DOT HOT SPOT$ # 05 r 1074. DE6 F MAX SOT I AVG 0T 1.0101
FUEL INLET TEMPERATURE 93, OEG F FUEL INLET PRESSURE 17.7 PSIA
HEAT LOADING PARAMETFR 37003E#81 STUIHOUR/ATM/CUBIC FOOT

HURNER OULET TEMPERATURE SURVEY *0

10 TEMP I0 TEMP ID TEMP ID TEMP 10 TEMP ID TEMP ND TEMP
ANNULUS 1 2 369, 6 56, 15 W674, 19 779, 24 712 27 792. 36 85.
ANNULUS 2 4 596. 7 542, 16 829 21 374, 25 Og1e 4 1348, 37 460
AN:NULUS 3 5 316, 14 548, 17 3530 22 360, 26 4389 35 523o 39

LEFT SIUE ** AIR INLET TUBE CONDITIONS *Rs 116Wt IE
TOTAL PRESSURE 14.49 PSA TOTAL PRESSURE 14,49 PSIA
S'I'ATIC PRESSURE 14.47 PSIA STATIC PRESSURE 14,48 PIIA
VELOCITY DELTA P 084 wHG VELOCITY DELTA P .93 HG

AIR TEMPERATURE 46, DEG F AIR TEMPERATURE 670 DEG F
AIR VELOCITY 52.31 FT/SEC AIR VELOCITY 41.51 FT/SEC
DIFFERENTIAL PRESSURES [(LEFT P-TOTAL)(RIQT PeTOTAW)) .ll ON

AIR FLOW DATAI P-REtBs 113.1 P5Ia DELTA Pe 034 ONG TOREF8 1o7. OG v

FU.L SYSTEM OATAI
FUEL FIM FREOUENCY s9, HZ VOLUMETRIC FLOW RATE 3.90 SALIHR
FUEL PRESSURE AT F/M 156e2 PSIA FUEL TIMP AT FIN $I* DtG F

*0 MISCELLANEOUS TRANSOUCER REAOINGS so
MANIFOLD AVERAGE BURNER OUTLET TOTAL PRESSURE 14*37 PSIA
.COMBUSTOR OUTER CASE STATIC PRESSURE 14.53 P&IA (XOUC9R 0 11)
BURNER OIFFERENTIAL TOTAL PRESSURE .25 9MG (WOUCER a 13)

SMOKE INOEX' I
SALTZMAN 40 0t PPI

Figure 435. Final Modified Conventional Liner, Modification "3"

Startup Test - Fire-up at .029 F/A.
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value. The parametric point values tested were the following:

Airflow Rate, Wa (Ib/sec) 1 2 3

Inlet Temperature, BIT (*F) 200 600 1000

* Inlet Pressure, BIP (psia) 30 60 90

Exhaust Temperature, BOT (*F) 1100 1500 1900

The 50% closed dilution geometry setting was used throughout the
parametric tests because the best exhaust temperature profiles were
obtained using that setting. The detailed test results from the
parametric tests are presented in Figures 436 through 444. Important
data from these test results are summarized in Table XCIII.
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Figure 436. Final Moldified Conventional Liner Modification 3

ftremtric Toot at BIT * zorr.
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Flpaur 437. 1FIMIalModtfled ConventionaL Liner Modification "BI'
Parametric Test at Nominal Conditions.
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figure 438. Final Modified Conventional Llner Modification flB"

Pairamtric Toot at BIT a lOOO*F.
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Figure 414). Final Modified Conventional Liner Modifitation --on
Pari'aetric Test at 80? - IOO0F.
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t6i CUtbLS1(w PEkIPL TS RIG E46 7P, 1kbI SEtkES 8s HEADING i 983
Ta3 POLIFItn CNUVkhTIONAL LINFR, MCP "b" IU# PARAMETRIC STUOIES.
TF.ST I)At: R-1I-72 PEAUING 1AS 1AKEN AT 1545122 HOURS

CYC L POINT 7 VAkIAdLE GEOMETRY 5 % CLC'SEO 0 X POWER SETTING

EXPERIMEkTAL C0N0IICNS ***..
bUNF~W AIR FLO;' 2."32 LB/SEC AVG BUANER 1NLET TEMP 60. nEG FAVG .7tU*Ntk INLET PR.S iQ,7 PSIA AVG fLtRNER OUYLET TEMP 1873, DEG FAV6 9tJxNk DELTA P 7,74 " G PRESbURE LOSS 6,37 2UV.RAtL F/A kATI) V,209 (F/) Ft;EL FLOs kATE 15 .3 LB/MR" AIM LUAI) FACr'OR I .F)5 PATleIk FACTOR 928234
bO miuT SPGT: w 3v 2130. DEG F MAX bOT / AVG 807 1.1375FUEL INLET TEMPtMM 1LIME III. btG F F!1EL INLET PRESSURE 216,6 PS1
HEAT LLAGING P~kAMETER .55764E+e7 ETU/HtL;d/ATE/CU9IC FOOT

tUR."ER OUTLET TEMPENAILRE bURVEY ***,
ID TErP 11 TEMP Itr TEMP 10 TElP I TEMP To TEMP ID TEwPANNAJLOS I 2 Poll, b 2056. 15 1E13. 19 1792. 24 1685, 27 1073. 36 2136.

ANKtJLI)S 2 A 2Vb5. 7 2A70. 16 1750. 21 1698, 25 198. 34 2020, 37 2681,ANN'ULU,5 3 5 1q104 i 056. 17 1d8, 22 165b8 26 1831. 35 1799. 39 1895.

LEFT SI *e* AIR INLET TLVFE CONITIOKS . RIGHT SIOE
10TAL PRESSUE bi, PSIA 1TAL PRESSURE 59.67 PSIASTATIC W;SSUkE 50,37 PSIA STATIC PPESSURE 59.38 PSIA
VELCCITY I)ELTA F .6b "RG VELOCTIV DELTA P .59 "HGAIk TE fPRATURE 600, DEG F AIR 7ERPERATURE 609. DEG FAIR VFLOCITY 14:1.10 FTf1iC Alf VELOLITY 133,65 FT/SECOIFFERtNTIAL PRESSURE: ((LEFT P.-TOTAL)-(RIGHT P-TUTAL] .@33 "HGM

AIR FLOW DATA: -MEPFs 104,5 PSI ELTA P628,43 "HG T-REFs ill, DEG F

FUEL SYSTEM DATA:
FUFL F/M FREQUEKCY 573, iZ VOLUMETkIC FLOW RATE 25,6 GAL/HRFUEL PRESSURE AT F/M 40,6 P%4A FUEL TEMP AT FM Ill* DEG F 4

M MISCELLANEOUS TRANSDUCER READINGS ,'
MANIFOLO AVERAGE HLRNER OUTLET TOTAL PRESSURE 5588 PSIA
COMBUSTOR OUTER CASE STATIC PRESSURE 57.05 SZA (XOUCER 0 11)PURNER DIFFERENTIAL TOTAL PKESSURE 7,75 "HG (XOUCER 4 13)

* CHEMICAL ANALYSIS RESULTS 4
GAS SAMPLES TAKEN IN PLANE #1

C02 4.164 G2 14.700 2 CO 61.8 PPM CNX as PPM _NO 68.1 PPM NU2 11.5 PPM NCX 79.6 PPM (NO(NOIR) NO2CNDUV) .
O .0 PPM N02 ,a PPM seX .@ PPM I CHEMILUMINESCENCE ;

EMISSIONS INDEX, L8/1000 LB FUELI COB 3.85 CMX. $66
CHEMILUMINESCENCE hOX. .@p. NDIR * NOUV NOX* 6015

CALCULATED FL'9L/AIR RAtIO.FROP CHE1ICAL ANALYSIS1 .82F33CALCULATED COMRUSTION EFFICIENCY FROM CHEMICAL ANALYSISI 99.6035
CHECK ON F/A RATIO- F/A 019766 7 tD C2, CALCULATED 02 1 16.194

Figure 4112. Final Modified Conventional Liner Modification "'B"1
Parametric Test at BOT 1900'F.
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T63 COPaUSTOR EIkMENTS -RIG B/U 73. lEST SERIES 68, READING #I go$T63 0001FXED CG9'VE.TIONAL LINER, ROD 08N' RUN~ PARAMETRIC STUDIES,
TEST DATE: 8-16-72 READING SwAS TAKEN AT 168411 HOURS

CYCLE P01IT 7 V.ARIAtaLE GE!'METRY 50 1 CLCSEO 0 X POWER SETTING

"*EXPERIMENTAL CONODl IONS ..bURN'ER Alk FLOw 1,010 Lb/SkC AVh 611PIR INLET TEMP so, OEG FAVG ButONEIR INLET PkES 6fl.e PSIA AVG BURNER OUTLET TEMP 1590. DEG F
/.VG "IU'r.El OFLT; F 1.75 0IG PRESSURE LOSS 1.43 1
OVE.4ALL /A RATY0 .II56 (FIP) FUEL FLO% RATE 5.3.33 LS/MR
AIR LOAD FAC.TOR .552.) PATI&Rk FACTOR .17775
OOT hML. SPbl: a S1t a 1660, DEG F MAX POT /' AVG BOT 111067
FutL INLtT TtMPFWAYUwE 112. DEG F FUtL IN.LET PRESSURE 74.6 PSIA
1"tAT LOAVING. PAkALkIE .19277E~r? L-TUINCIIRIATP'/ClJIC FOOT

e' UP%EU OUTLET TPERATL-RE SuRVFY .a
IL- TEVP 10 TEPOP 10 TkMP TO TLEMP 10 TEMP 10 TEMP -ID TEMP

ANNOdLUS t 2 15tb. 6 1597, 11% 152?. 19 1519. 24 1558. 27 1614. 36 160.
ANNULUS 2 4 1521, 7 159P,. 16 1471, 21 1422o 25 154P, 34 1567. 37 t547,
AN'.ILJ 3 5 10t. 14 1295. 17 1293. 22 137". 26 1478, 35 1i3aS, 39 13866.

LtFT SlOF , AIR INLET TL+E CDNkDIT1ONS .*RIGOT SIDETOTAL 1-4b~tiRF 59.97 PSIA TOTAL P'RLSSURE 59.96 PSIA
briTIC Pi0S,<.1k 59187 P51A S*AIIC PkESSURE. 39,93 PS1*
VELCCITY VELTA '.21 "t-G 'EL(UCITY DELTA P .11A "MG
A~Iq 1EPIkATLIt 6.10, PF.G F Alok TEt'PEIWAURE 60)0* DEG FALI. VI:LL1CITV C! FT/SEC AYR VELOCITY 54,36 PT/SEC

UIFFIRkIqIfdAL -~IE (yTPTOTAL'-(kGt4 P-TO~TAL'J -. 0,15 "MG

AN FLuow UAT.A: F.krt-ia 11,4.7 PSIA VELTA PSE,.56 4"MG V-REFw 110, DEG F

f UEL SVSIL:- 'Aj.;
11'EL F/M FmFiiEttvc 27.. Z VL.L-EIRIC FLOW WATE 6,7$ ;ALM!;
PUEL PsSIP.f4Tf~ V ,0e PSJA F.UL TEMP AT F/M I1I, DEG F

mANL,.rq AV h;GL't4L-1NfE QLJ0LTTCTAL F-4ESSLRE 59.11 PSIA
LL~hR070 OOtTLri~- ST.1TJC VwtS3U(#F 59,78 PSI& (KOUCtR !!
raijshNtk1 G-±FFE..A ToiL rflIAL PPFSSIJFE 1.174 "HG (xOUCtR a 3%

,CHiEMICAL ONACYS1S kESULT.Z

ca~~ j~ tAS SAMPL.ES TA4F- IN i-LANe 420(NU)

14.7 wp N .x 9,V PPM ENC(NDIR)
I: *i' 'bt t;; PP0 Fp x ,& PRM I LHE.PILUMINESCENCE I

FmI.5S1dJS INDF , tF/I(.AV Lid FUPL rc. fi CMx. .10
>~t.t- II\ESCtL N X. Kc4~w NIJIR *NOUV NOX. .6

rCAL LOLA1IEL Fi:HjAjk RATIO FHL', CtEPIC*L ANALY5SS ~015522
CAL(LTH~t'ri pIJUN -FICFCY F~rM C.NtPIC*A ANALYSIS: 99.8616 1

CHFCK ON /A 'RIIL P/A 4!'sa /n L2. CALCULATED 02 816.60 x

SALTZP;A'J NOY uPP
C Cw-. ..........

Figure 4143. Final Modified Conventional iner Modification "B"

Parametric Test at Airflow 1.l/sc
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T63 COhsUST04 EXPERIMENTS - RIG 8/U ?@ TEST SERIES 66t READING 4 as$

T63 MOaIFIEO CONVENTIONAL LINER, MOD 0B RUN PARAMETRIC STUDIES.

TEST DATES 8-10-72 READING WAS TAKEN AT 168117 HOURS

CYCLE POINT 7 VARIABLE GEOMETRY 50 % CLOSED a I POWER SETTING

,*** EXPERIMENTAL CONDITIONS ".'.
BURNER AIR FLOW 2.32 LB/SEC AVG BURNER INLET TEMP 599. DEG F
AVG OURNEk INLET PRES 90.6 PSIA AVG BURNER OUTLET TEMP 1497. DEG F
AVG BURNER DELTA P 4.75 "hG PRtSSURE LOSS 2.58 x
OVERALL F/A RATIO 0t9S (FIP) FUEL FLOW RATE 102.23 L/NR
AIR LOAD FACTOR ,73Pe PATTERN FACTOR .16109
SOT mOT SPOTS 0 36 • 1641. DEG F MAX OT / AVG SOT 1,6966

FUEL INLET TEMPERATL.RE 114, DEG F FUEL INLET PRESSURE 156s3 PIA
OEAT LOACING PANAMtTER .24469E*07 BTU/OUR/ATP/CUSIC FOOT

8URNER OUTLET TEPPERATjRE SURVEY *'.
In TEPP III TEMP ID TEMP 10 TEMP 10 TEMP ID TEMP 10 TEMP

ANNULUS 1 2 158t. 6 1606, 15 148P. 19 tA6, 24 1539, 27 1607. 36 1641,
ANNULIJS 2 A 1626. 7 16M7, 16 1426, 21 144. 25 1542. 34 1573, 37 1566.
ANNULLIS 3 b 1519, 1' 1275. 17 1266, 22 1367, 26 1496. 35 1402. 39 1453.

LEFT SIDE v** AIR INLET TLIFE CONDITIONS *' RIGHT SIDE
TOTAL PkkbSUfE 9.3.57 PSIA TOTAL PRESSURE 90,56 PSIA
STATIC FhESSURE 9;4.30 PSIA STATIC PRESSURE 90.39 PSIA

VEL(LCITY DELTA P 54 "MG VELOCITY DELTA P .36 MG
AIR TkmPERATOE 59. DEG F AIR TEPPERATURE 59, DES F
AIR VELOLITY 10d.73 FT/SEC AIR VELOCITY 06.7 FT/SEC
DIFFLRNTIAL POLSS6RE: ((LEFT P-TOTAL)-(RIGHT P-TOTAL;) -d919 "HG
Alk FLO OATA; P-REF A 1.! PS;#'% DELTA F328e3d "NG T-REFw 100, DEG F

FUEL SSL iIATAt

FuL F/M FREPOFPCV kR2. 1Z VOLUPETRIC FLOE RATE 1,71 GAL/MR
FUEL PkESSU& AT F/, 544.1 PSIA FUEL TEMP AT F/N 113. DEG F

MIHTSCELLANEOUS TRANSoLICE READINGS *0
PANIFOLO AVERAk L'Rkk OUTLET TCTAL PRESSURE 88.24 PSIA
COt 90STO OLTEP CASE STATIC PRESSURE 89,48 PSIA (XOUCER 0 11)
HURNE! DIFFFRENTIAL TOTAL PRESSUFE 4.74 "HO (XDUCER # 13)

* CHLMICAL ANALYSIS RESULIS a
GAS SAMPLES TAKLN IN PLANE Ot

C02 218 1 t 112 160500 X LO 43.3 PPM CNX to PPM
0 7.9 PPh #02 861 PPM NOX 63.v PPM NOCNOR) * N')2(NDUV)j

ht 0 pp4 NJ2 .0 PPM NrX .p PPM ( CMEMILUMINESCENCE ]
EMISIOKS IJNEX# L8/10A Ld FUEL: tCm 2034 CMXN e00

ChkILV~jNESCENCE N0Xs ,91DO NrTR * NDUV NONs 7.60

CALCULATED FLEL/419 4ATIO FROM CHEmICAL ANALYSIS$ .13750
CALCUILATEkr CONAU511fN EFFICIENCY FRC" CMEMICAL ANALYSIS$ 9 09127 X

Co4ECK (IN FIA kATIO- F/A 0 , 1337 k/O 02, CALCULATEP 02 11,096

SPO~KE 1NI.EX: 3(p,~ (of
3ALTZI'AN NOY 7/

Figure 444. Final Modified Conventional Liner Modification "B"
Parametric Test at BIP = 90 psia.
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